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IMTBODOCTIOM 


This  Is  a  teohaloal  progress  report  of  a  research  program  on  low 
temperature  fuel  cell  systems  conducted  by  the  General  Electric 
Coagmay  under  Contract  Mo.  IUU44.009-1BQ-3771  with  the  U.S.  Any 
SaglBeer  Research  and  DeTelopment  Laboratory.  Original  work  was 
Initiated  in  October  195^  under  the  title  "Materials  Study  Redox 
Fuel  Cell*'  and  was  extended  In  Sep'bember  1959  under  the  title 
"Redox  and  Related  Fuel  Cell  Systems."  In  April  I960,  work  on 
the  Redox  system  was  concluded  and  suBsarlzed  In  Report  No.  9; 
however,  work  associated  %rith  the  direct  conversion  of  fuels  was 
expanded  to  its  present  concept.  Work  has  continued  under  the 
title  "Research  on  Fuel  Cell  Systems"  as  outlined  in  "Exhibit  E." 

The  objective  of  this  program  is  to  develop  a  technology  idiich  will 
serve  as  the  basis  for  design  and  fabrication  of'  fuel  cell  packs 
for  ground  power  units  and  power  for  traction  devices  for  sdlitary 
applications.  A  primary  aim  is  the  more  efficient  utilization  of 
conventional  liquid  hydrocarbon  fuels.  Close  guidance  and  approval 
of  the  direction  of  this  work  is  given  by  Mr.  K.  Cogswell  of  the 
D.S.  Amy  Research  and  Development  Laboratories,  Ft.  Belvolr, 
Virginia. 

These  progress  reports  are  issued  on  a  bi-monthly  basis  and  special 
summary  reports  will  be  issued  as  indicated.  The  reader  should 
recognize  that  this  is  a  progress  report  covering  a  particular 
period  of  time.  The  experiments  reported  are  factual,  but  not 
necessarily  complete,  and  any  conclusions  must  be  considered 
tentative  until  a  sumary  report  is  issued.  Comments  and  sugges¬ 
tions  on  these  reports  are  most  welcome. 
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SUIflURY 


This  report  describes  the  research  work  conducted  under  the 
U.  S*  Amy  Engineer  Research  and  Development  Laboratories  Contract 
Ho*  DA-44^009-ENQ,  3771,  Task  II.  The  objectives  of  this  program 
were  to  determine  the  cause  and  the  mechanism  of  the  polarization 
losses  associated  with  the  oxygen  electrodes  for  fuel  cells  oper¬ 
ating  in  acidic  and  alkaline  media. 

Polarization  behavior  of  the  oxygen  electrode  and  of  the 
hydrogen-oxygen  fuel  cells  using  a  variety  of  catalytic  electrodes 
in  acidic,  alkaline  and  solld-ion-exchange  membrane  electrolytes 
was  investigated. 

On  the  basis  of  the  experimental  data  presented  here,  it  is 
concluded  that  (a)  under  the  practical  operating  conditions  of  a 
hydrogen-oxygen  fuel  calls,  an  IR-free,  steady  state  emf  greater 
than  approximately  0.93V  is  not  likely  to  be  achieved,  (b)  The 
IR-free  polarization  loss  of  approximately  0.3V  appears  to  be  associ¬ 
ated  with  some  specific  property  of  the  hydrogen-oxygen  fuel  cells 
since  it  is  apparently  unaffected  by  the  usual  rate  or  kinetic 
parameters  including  the  pH,  temperature,  partial  pressures  of 
gases,  or  the  chemical  nature  of  the  catalytic  surfaces.  This 
polarization  loss  is  tentatively  attributed  to  the  inherent, 
unavoidable  pH  gradients  associated  with  current  flow.  An  energetic 
interpretation  in  terms  of  established  thermodynamic  treatment  is 
suggested,  (c)  Platinum  black  appears  to  be  the  best  catalyst 
known  to  date  for  the  oj^gen  electrode,  and  judging  from  the 
essentially  zero  slope  of  the  IR-free  linear  polarization  plots 
covering  a  fairly  large  range  of  current  density,  it  would  appear 
that  a  catalyst  more  effective  than  platinum  black  is  not  likely 
to  be  found  since  the  inherent  thermodynamic  irreversibility 
cannot  be  reduced  or  eliminated  by  catalysts,  (d)  Various  existing 
theories  of  the  irreversibility  of  the  oxygen  electrode  have  been 
reviewed  and  it  is  concluded  that  none  of  there  can  satisfactorily 
explain  all  the  experimental  observations  concerning  the  open- 
circuit  behavior  of  the  oxygen  electrode.  A  tentative  interpre¬ 
tation  based  on  the  double  layer  capacitance  effects  is  suggested 
for  the  various  effects  associated  with  the  irreversibility  of  the 
hydrogen-oj^gen  fuel  cells  at  or  near  the  open-circuit  conditions. 

It  is  shown  that  under  certain  conditions  and  by  properly  buffering 
the  pH  in  the  vicinity  of  each  electrode,  open-circuit  voltages 
greater  than  1.23V  can  be  attained.  The  additional  voltage, 
however,  cannot  apparently  be  used  as  a  source  of  steady  emf  or 
electrical  energy.  Recommendations  for  further  work  are  outlined. 


SDMMARY  (ContM) 


This  is  Section  II  of  the  Summary  Report  "Research  on  Low  Temperature 
Fuel  Coll  Systems,"  Section  I  was  distributed  previously  in  December,  and 
included  the  work  accomplished  at  the  Research  Laboratory  under  Drs.  L,W,  MLodrach 
and  T.W,  Qrubb. 

This  Section  II  includes  the  work  covered  by  the  Aircraft  Accessory  Turbine 
Department  Fuel  Cell  Engineering  Laboratory  by  Dr.  P.V,  Popat,  Both  Sections  I 
and  U  are  issued  under  Report  Number  19, 
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U.S.  ARMY  ENQINKER  RESEARCH  AND  DEVELOPMENT  LAB0R4T0RIE3 


"EXHIBIT  E" 

RESEARCH  ON  FUEL  CELL  SYSTEMS 


19  Septrnb^r  I960 

The  reeeeroh  to  be  conducted  under  this  Exhibit  E  providee  for  the  contin- 
uetlon  of  reeearoh  on  "bther  fuel  cell  concept*"  ee  described  in  "Anumded 
Bthlbit  D"'  dated  20  April  I960 ,  and  as  provided  for  in  paragraph  5  of 
"Exhibit  D"  dated  18  August  1959. 

Rfietroh  ehall  be  conducted  on  the  fblloylng  tafkei 

Study  of  the  adsorption  and  kinetics  of  the  oxidation  of  hydro- 
oarMns  on  different  catalyzed  electrode  surfaces .  both  in  acid  and 
alkaline  media. 

1.  Development  of  electrodes  of  different  structures,  their 
activation  and  incorporation  of  different  catalysts. 

2.  Investigation  of  the  properties  of  the  catalyzed  electrodes, 
developed  in  1,  concerning  the  oxidation  of  pure  gaseous  hydrocarbons  by 
conducting  half  cell  studies. 

a.  Study  of  the  adsorption  of  hydrocarbons  and  their  reaction 
products  on  the  electrode  surfaces. 

b.  Study  of  the  oxidation  kinetics  of  hydrocarbons  and  their 
reaction  products  on  the  eleatz^>de  surfaces. 

c.  Study  of  the  influence  of  additives  to  fuel  and  electrolyte 
and  influence  of  pH  and  process  variables  (i.e.  temperature,  pressure, 
concentration,  etc.)  on  the  reaction  rates. 

3.  Development  of  Improved  electrolyte  structures. 

4.  Evaluation  of  these  electrolytes  in  test  cells,  using  the 
fuel  electrodes,  developed  in  2,  concerning! 

a.  The  electrical  conductivity. 

b.  The  mechanical  strength  and  gas-permeability  of  the  electro¬ 
lyte  structures  of  varying  thickness. 
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c.  The  influence  of  reaction  t^y-products  (H2O,  C02> 
precipitates)  on  the  conductivity,  mechanical  strength,  etc.,  determined 
in  long  term  test. 

5.  Study  of  the  possibilities  of  the  direct  oxidation  of 
heavier  liquid  hydrocarbons  and  mixtures  thereof  according  to  2.  This 
task  to  be  initiated  pending  the  completion  of  1  through  4  above, 

TASK  II  Study  of  the  kinetics  of  the  oxygen  electrode  both  in  acid 
and  alkaline  media. 

1.  Investigation  of  the  rate  limiting  step  in  the  overall 
reduction  of  oxygen  on  different  catalyzed  electrode  surfaces, 

2.  Study  of  the  effect  of  reaction  products  on  the  kinetics 
of  the  oxygen  electrode,  (i.e.,  the  formation  of  hydrogen  peroxide  and 
metal  oxides). 

3.  Study  of  the  influence  of  additives  to  the  oxygen  and 
electrolyte  and  the  effect  of  pH  and  process  variables  on  the  kinetics  of 
oxygen  reduction. 
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TASK  n  -  OXVnBM  ICLRnTROBR 


1,0  Introduction 

One  of  the  najor  problems  in  the  development  of  practical  hydrogen-oxygen  or 
hydrogen-air  fuel  cells  is  encountered  at  the  oxygen  electrode.  It  has  been 
known  for  a  long  time  that  at  ordinary  temperature,  the  oxygen-electrode  attains 
its  rest  potential  (open  circuit  voltageO  only  sluggishly  and  more  or  less 
irreproduolbly  depending  on  the  physical  and  chemical  nature  of  the  electrode 
material,  and  does  not  exhibit  the  tirue  reversible  potential  even  In  the  presence 
of  the  best  known  electrocatalyst  such  as  platinum  black. 

Repeated  attempts  over  the  years  by  various  investigators  to  achieve  this 
themodvnamlcallv  reversible  potential  and  to  maintain  it  over  a  significant 
period  of  time  have  all  been  unsuccessful.  Another  and  perhaps  more  serious 
difficulty  from  operational  point  of  view  is  presented  by  the  fact  that  the 
oxygen  electrode  polai*izes  rather  rapidly  even  at  small  current  densities 
as  indicated  by  its  potential  measured  with  respect  to  a  reference  electrode. 

In  spite  of  a  considerable  amount  of  published  work  on  the  kinetics  of  the 
electrochemical  reduction  of  oxygen  at  catalyzed  as  well  as  uncatalyzed  cathodes, 
very  little  is  known  concerning  the  exact  cause  and  the  mechanism  of  the  voltage 
or  energy  dissipation  associated  with  the  oxygen  electrode  on  open  circuit  or 
under  small  current  flow  conditions.  Clearly  this  information  is  essential  before 
any  logical  steps  can  be  taken  to  reduce  this  voltage  or  energy  dissipation. 

Realizing  the  importance  of  this  problem  for  fuel  cell  systems,  a  comprehensive 
program  aimed  at  achieving  a  better  understanding  of  the  exact  cause  and  mechanism 
of  the  polarization  loss  exhibited  by  the  oxygen  electrode  has  been  initiated. 

This  report  gives  a  comprehensive  summary  of  the  theoretical  and  experimental  work 
perfoi*med  by  one  scientist  during  the  period  of  April  I5,  I960  to  October  15» 

1961  under  the  Contract  No.  DA-4^009-ENO-3771  from  the  Engineer  Research  and 
Development  Laboratories,  U.S.  Amy.  For  details,  the  preceding  Porgress  Reports 
(No.  11  to  17)  should  be  examined. 

Any  theoretical  approach  or  interpretation  of  experimental  results  suggested  here 
must  be  considered  tentative  at  present  since  further  work  must  be  performed  before 
definite  conclusions  can  be  aiade.  Apart  from  the  theoretical  implications  resulting 
from  this  study,  the  experimental  results  presented  here  are  believed  to  have  signi¬ 
ficant  implications  for  the  practical  application  of  fuel  cell  ^sterns  Involving 
the  oxygen  or  air  electrode,  since  they  suggest  a  maximum  upper  limit  of  the 
available  E.M.F.  from  a  hydrogen-oxygen  fuel  cell  using  aqueous  electrolytes  and 
operating  at  practical  current  densities. 

Thermodynamic  Principles  and  Application 

It  is  now  well  established  that  the  standard  free  energy  change,  ^  0°  for  the 
overall  reaction: 

Hg  (g)  +i  O2  (g)prH20  (X)  (1) 

under  thermodynamic  equilibrium  conditions,  with  each  reactant  and  product  at 
unit  thermodynamic  activity  is  56,690  calories  or  -2.458  volt-faradays  per  mole 
of  liquid  water  formed  at  25®c  (1). 
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ThTwodyn—ic  Principles  and  Application  (Cont* 

'os/oH-  =  *!£  (“j)  * 

(HjO) 


d) 

(C) 


Howevert  If  the  nolecular  oi^gen  Is  first  reduced  to  a  peroxide  species  at  the 
cathode  and  if  this  electrochemical  step,  namely: 

"2°2  =  0.682V  (5) 

H0"2  +  oh"  V°  02/H0"2  ^ -0.074V  (6) 

is  potential  determining,  the  corresponding  Nernst  equation  for  the  half -cell 
reaction  (5)  is: 


or 


^  acidic 

0,  +  2H  =  2e  ^ 

^  media 

O2  +  HgC  +  2  e  alkaline 
media 


^2/H202  -  0.682  +  RT  In  (O2)  /  (H  Q  ) 

nF  ^  ^ 


and  for  (6)  is: 

2/0 


RT 

VOH-  = 


In  (O2)  (H2O) 
(H2O-)  (0H-) 


(D) 

(E) 


the  standard  thermodynamic  potentials  associated  with  different  modes  of  o:^gen 
reduction  at  pH  values  of  0,  7,  and  14  respectively  are  given  in  Table  I. 


TABLE  I 

Thermodynamic  Potentials  (in  volts)  for  Oxygen  Reduction 
Reactions  at  25°C  (Std.  Hydrogen  Electrode  «  O.OOOV) 

Based  on  the  data  from  latimer  (l)  collected  by  Pawlowski  (2) 


Reaction 

V®  (pH  -  0) 

V®  (pH  -  7) 

V®  (pH  -  14) 

Four  Electron  Step 
©2  +  4H  +  4€  HjO 

+1.229 

+O.8I5 

+0.401 

Two  Electron  Steps 

O2  +  2ir  +  2e^H202 

40.862 

+0.268 

-0.076 

H2  O2  +  2H'*’  +  2^^2H20 

+1.77 

+1.36 

-0.88 

One  Electron  Step 

O2  +  H+  +  2e  ^  HOg 

-0.13 

-0.54 

-0.56 

HO2  +  H'*’  +  2(^,  H2O2 

+1.5 

+1.1 

+0.4 

V2  +  ®  +  ”2° 

+0.72 

+0.31 

-0.24 

OH  +  H2O  +  H'*'  =  —  2H2O 

+2.8 

+2.4 

+2.0 

-7- 


Thermodynamic  Principles  and  Application  (Cont'd) 

The  equilibrium  values  of  the  potentials  of  the  oxygen  electrode,  the  peroodde 
electrode  and  the  hydrogen  electrode  as  a  function  of  pH  at  2^°C  and  one 
atmosphere  pressure  reported  by  Latimer  (l)  are  given  in  Figure  (!)♦ 

In  splitting  the  thermodynamic  EMF  of  reaction  (l)  into  hydrogen  and  oxygen 
electrode  potentials  discussed  above,  "a  non~thermodynamic  assumption  has  been 
covertly  made**  according  to  Ives  and  Janz  (3).  The  assumption  is  that  it  is 
possible  to  determine  the  activity  of  a  single  ionic  species;  this  is  not  possible, 
"unless  more  significance  is  attributed  to  the  Debye-Huckel  calculation  than  is 
strictly  justifiable."  All  that  can  be  determined  is  a  mean  ion  activity 


for  an  ril.cctrolytic  solute  which  provides  on  dissociation,  +  cations  and 
anions  "pc.r  mole",  where  i^-)*  This  is  related  to  determinable 

molalities  M+  by: 

a+  -  .  )  (Mj 

Where  +  is  a  mean  molar  ionic  activity  coefficient  which  approaches  unity  at 
infinite^dilution*  This  activity  coefficient  is  a  function  of  the  ionic  inter¬ 
actions  which  are  responsible  for  the  non-ideality  of  the  solute.  These  naturally 
occur  predominantly  between  ions  of  opposite  sign  of  charge,  and  in  very  dilute 
solutions  they  are  coulombic  in  nature  and  are  calculable.  In  stronger  solutions, 
specific  ionic  properties  must  enter,  together  with  such  solute -solvent  inter¬ 
actions  which  can  no  longer  be  regarded  as  independent  of  concentration.  ”It 
is  thus  clear  that  the  task  of  interpreting  a  ctivity  coefficients,  let  alone 
their  dependence  upon  temperature  involves  complex-  physiochemical  problems, 
except  under  near  ideal  conditions.  It  is  also  obviously  a  matter  of  doubt 
whether  any  real  significance  can  be  attached  to  a  single  ion  activity 
coefficient.  It  has  nevertheless  been  unavoidable,  in  splitting  an  E1*1F  into 
rJrctrcKle  potentials  to  make  some  arbitrary  assumption  such  that; 

(3) 

In  appljang  the  thermodynamic  principles  to  individual  electrode  potential 
involving  charged  particles,  other  fundamental  difficulties  arise.  For  substances 
composed  of  uncharged  atmos  or  molecules,  the  concept  of  chemical  potential  is 
of  immense  value  because  it  comprehends  all  the  factors  which  determine  their 
behavior.  Thus,  it  is  a  universal  criterion  of  equilDbrium  within  a  system 
that  the  chemical  potential,  of  any  component  ^  shall,  like  pressure  and 

temperature,  have  a  uniform  value  in  all  parts  of  the  system.  The  question  arises, 
how  can  this  function  be  adapted  to  deal  wlih  the  electrochemical  problem  in  hand? 
"In  the  first  place,  it  must  be  noted  that  chemical  potential  is  essentially  a 
thermodynamic  function  with  the  dimensions  of  energy  per  mole;  it  does  not  deal 
with  individual  atoms  or  molecules.  If  it  turns  out  to  be  permissible  to  discuss 
the  "chemical  potential  of  sodium  ions";  for  example,  this  must  always  mean  a 
thermodynamic  function  relating  to  a  particular  macroscopic  system  which  contains 
these  ions,  and  must  retain  the  dimensions  of  energy  per  mole. 


Potential  in  Volts  Relatire  to  the  Standard  Hydrogen  Electrode 


Figure  1 

pH  Dependence  the  Rererslble  Potentials  of  the  Hydrogen 
Electrode,  the  Oxygen  Electrode  and  the  Oxygen-Peroxide 
Electrode  at  in  Aqueous  Electrolytes 
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Thermodynamic  Principles  and  Application  ( Cont * d ) 


In  fact  he  concludes  that  any  ion  which  is  present  in  a  concentration  lower 
than  10“^  n  can  have  no  appreciable  effect  on  the  electrode  potential,  and  as 
Langumir  (4)  has  stated,  Haber's  arguements  are  "absolutely  unassailable." 

With  these  "microscopic"  quantities  of  the  "potential  determining  species", 
the  relative  size  or  surface  area  of  the  electrode  at  which  the  potential  is 
established  also  becomes  of  increasing  importance  since  it  is  the  nfrcctive 
concentration,  or  strictly  the  activity  at  the  clectrodo  which  'nuaL  (lutcnnino 
the  relevant  electrode  potential.  With  decroaL.Lng  ionic  jooulnticn  "t  the 
electrode,  at  some  stage,  it  will  become  mechanistically  iapoesible* for  the  » 
ions  to  control  the  electrode  potential . 

Thus,  we  are  in  a  delicate  situation  where  we  must  define,  for  a  given  system 
as  to  when  exactly  the  realm  of  classical  reversible  thermodynamics,  dealing 
with  bulk  macroscopic  quantity  ends  and  l.hat  of  the  irreversible  thermodynamics 
begins.  Muller  (5)  has  staLo<l  tli-d  :  nr  nolarographic  studies  at  a  dropping 
mercury  ("micro")  electrode  a  minimum  concentration  of  about  10-6m  of  both 
the  oxidant  and  the  reactant  is  necessary  to  make  the  observed  potential 
thermodynamically  significant. 

Here  it  may  be  noted  that  the  Nernst  equation  is  not  applicable  to  a  chemically 
or  electrochemically  irreversible  process  (6,7)  and  it  becomes  necessary  before 
applying  the  Nernst  equation,  to  make  sure  that  the  process  under  consideration 
is  at  or  near  the  reversible  equilibrium  conditions.  That  this  could  be  a 
difficult  task  is  effectively  illustrated  by  the  noted  irreversibility  of  the 
hydrogen  electrode  under  many,  M  yet  undefined,  conditions.  According  to  Potter 
(8)  the  somewhat  strange  circumstances  that  the  hydrogen  electrode  reaction  can 
be  sufficiently  reversible  to  merit  adoption  as  a  standard  of  reference  and  yet, 
under  different  conditions  (not  yet  defined  or  known)  be  highly  irreversible 
can  greatly  affect  the  implications  of  the  electromotive  series  when  especially 
applied  to  aqueous  solutions  containing  hydrogen  ion.  Thus,  for  instance,  in 
attributing  the  irreversibility  of  the  hydrogen-oxygen  fuel  cell  reaction, 
represented  by  equation  (l)  to  the  oxygen  electrode,  it  becomes  necessary  to 
establish  beyond  doubt  that  the  hydrogen  electrode  under  these  conditions  behaves 
reversibly.  It  would  appear  at  present  that  it  may  be  difficult  to  establish 
this  unequivocally  when  the  two  electrodes  are  very  closely  spaced  and 
operating  in  the  same  bulk  electrolyte,  particularly  with  the  fuel  cells  type 
systems. 

Criteria  of  Thermodynamic  Reversibility 

A  reaction  occuring  in  an  isolated,  macroscopic  system  is  considered  to  be  at 
thermodynamic  equilibrium  when  the  rate  of  the  forward  reaction  beccxnes  equal 
to  the  rate  of  the  reyerse  reaction  so  that  the  net  rate  of  change  in  the 
concentration  of  any  of  the  participating  species  as  a  function  of  time  is  zero. 
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Thermodynamic  Principles  and  Application  -  Cont'd 


Im  the  second  place,  it  is  necessary  to  enquire  whether  the  definition  of 
chemical  potential  .  *  U-2  ) 

^  ‘  ?  i)  t.p, 

allows  it  to  be  applied  to  ions  at  all.  This  expression  can  be  translated 
as  the  proportional  increase  in  free  energy  of  a  system  resulting  from  the 
addition  to  it  of  dn^  mole  of  components,  i,  the  number  of  moles  of  all  other 
components,  hi  ,  and  the  temperature  and  pressure  being  kept  constant.  It 
is  impossible^to  add  a  single  kind  of  ion  to  any  system, in  which  at  equilibrium 
no  significant  departure  fromoloctro  neutrality  is  possible.  vtch  kind  oi 
ion  is  partnered  by  its  oppositely  charged  counterparts,  so  that  -i.  ions  are 
to  be  added  to  a  system,  at  least  two  kinds  of  ions  must  be  added  simultan¬ 
eously.  This  does  not,  however,  invalidate  the  definition  because  obG  is 

a  perfect  differential, -  but  it  does  mean  that  the  chemicaJ  potential 

of  a  single  kina  of  ion  can  never  be  separately  determined."  (3). 

It  is  evident  from  the  about  discussion  that,  in  principle,  no  single  electrode 
potential  can  be  known,  nor  any  thermodynamic  property  of  a  single  ionic 
species  can  be  unequivocally  determined.  Yet  such  quantities  are  widely 
used  in  electrochemical  calculations.  For  this  to  be  acceptable,  appropriate 
precautions  and  safeguards  should  always  be  adopted.  Thus,  in  discussing 
any  single  electrode  in  such  "non-thci'modynamic  terms"  the  relevant  precaution 
suggested  by  Ives  and  Janz  (3)  is  to.inswor  the  .niestion:  Gan  this  electrode 
be  combined  with  another  to  give  a  revu^rsieie  cell  with  an  Ei-iF  vrhich  is  thermo¬ 
dynamically  calculable?  Or,  can  this  electro-chemical  potential,  or  ionic 
activity,  be  combined  with  another  similar  term  to  give  a  physically  measurable 
quantity? 

It  would  appear  that  these  questions  are  of  primary  importance  in  the  measure¬ 
ment  of  individual  electrode  polarization  and  its  interpretation,  particularly 
in  the  case  of  the  more  or  less  irreversible  electrodes  such  as  the  hydrogen 
and  oxygen  electrodes  under  consideration  here. 

Another  fundamental  difficulty  which  can  significantly  affect  the  thermodynamic 
analysis  and  interpretation  of  experimental  results  is  encountered  in  determin¬ 
ing  the  conditions  under  which  the  appropriate  Nernst  equation  for  each 
electrode  (e.g.  equations  A  to  E)  is  applicable.  It  is  obvious  that  as  the 
activity  or  the  effective  concentration  of  one  of  the  potential  determining 
species  becomes  vanishingly  small,  the  electrode  potential  as  calculated 
from  the  Nernst  equation  becomes  meaningless  since  it  tends  to  go  off  to 
infinity.  At  present  there  is  apparently  no  general  agreement  as  tc  the 
lowest  concentration  of  the  electroactive  species  which  must  be  present  for 
the  measured  potentials  to  be  thermodynamically  meaninf'^'u!.  in  l.rrm:;  the 
Nernst  equation.  This  problem  assumes  a  major  importance  in  det(n’iilnin,"; 
for  instance,  the  contribution  of  the  peroxide  mechanism  in  the  oxygon 
electrode  polarization  at  catalytically  active  electrodes  which  can  decompose 
any  peroxide  species,  if  involved  .  as  fast  as  produced,  thereby  reducing  the 
peroxide  concentration  at  the  electrode  to  substantially  zero  value.  This 
is  an  old  electrochemical  problem  as  first  illustrated  by  Ostwald's  calculation 
that  there  is  only  about  one  rAlver  ion  ner  liter  in  a  silver  solution  to 
which  sufTicient  pot.assium  cyanide  has  been  added  (4),  Haber  argued  that  the 
ootentia.,.  oi'  Lr, ;  .i  Lv  'r  'Aci.coie  cannot  oossibly  ne  determin'd  by  the  presence 
of  such  small  concentration  of  i,ona  wliich  in  this  case  is  as  low  as  10“24 
molar 
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Criteria  of  Thermcxiynainic  Reversibility  -  ContM 


Extending  this  definition  to  an  electrochemical  half-cell  or  single  electrode 
process  involving  ions  and  electrons  (which  can  be  made  only  at  the  expense 
of  some  of  the  thermodynamic  rigor  as  discussed  earlier),  the  electrode  would 
be  considered  at  equilibrium  when  the  cathodic  rate  is  equal  to  the  anodic 
rate  so  that  the  net  current  at  the  electrode  is  zero.  The  "reversible" 
current -at  the  electrode  under  this  equilibrium  condition  is  known  as  the 
exchange  current,  i^,  which  is  considered  to  be  a  characteristic  themodynamic 
property  of  the  electrode.  The  true  or  absolute  value  of  this  quantity  for 
any  given  electrode  can  never  be  measured  in  practice  since  any  attempt  to 
measure  it  will  necessarily  distrub  the  true  equilibrium  conditions.  In 
practice,  therefore,  it  becomes  necessary  to  resort  to  some  kind  of  an  extra¬ 
polation  and  obtain  an  "apparent  exchange  current."  The  difference  between 
the  true  and  the  apparent  exchange  current  will  depend  upon  the  particul  ar 
system  under  consideration,  the  method  of  measurement,  the  method  oi  ,  ;  -Siting 
the  data  and  the  method  of  extrapolation  used.  In  any  case,  however,  there 
will  always  remain  a  certain  degree  of  uncertainty  concerning  the  "apparent 
exchange  current"  since  the  true  value  cannot  be  known. 

Experimentally,  perhaps  a  more  fundamental  electrochemical  parameter  is  the 
emf  associated  with  an  overall  electrochemical  reaction  or  the  potential 
associated  with  an  electrode  process.  The  measured  potential  difference  can 
identified  with  the  reversible  emf  or  electrode  potential  provided  the 
measured  amf  (a)  remains  invariant  as  a  function  of  time  (b)  agrees  with  the 
thermodynamically  calculated  value  based  on  the  Nernst  equation  assuming  that 
the  relevant  activities  at  the  electrode  are  known  (c)  the  variation  in  the 
activities  obey  the  Nernst  equation,  and  (d)  the  same  reversible  emf  is 
obtained  while  approaching  the  open-circuit  voltage  from  either  direction. 

When  the  above  criteria  are  not  satisfied,  it  is  an  indication  that  the  cell 
or  electrode  under  consideration  does  not,  probably,  behave  in  a  reversible 
manner.  In  addition,  the  following  criteria  of  irreversibility  of  a  cell  (9) 
may  be  noted!  (a)  Fluctuation  in  the  emf  (b)  Apparently  identical  electrodes 
in  the  same  solution  under  anparently  the  same  conditions  give  different  values 
On  emf  (c)  Changes  in  the  emf  on  agitation  (d)  The  potential  does  not  rapidly 
return  to  the  equilibrium  value  after  nolarization.  When  the  measured  emf 
at  zero  net  current  (that  is,  the  rest  pot  ntial)  does  not  agree  with  the 
reversible  value  as  judged  by  the  above  criteria,  the  interpretation  of  the 
measured  open  circuit  voltage  becomes  an  extremely  difficult  problem  as  will 
be  shown  in  the  case  of  the  oxygen  electrode. 

Although  the  classical  thermodynamic  methods  are  independent  of  time  as  a 
variable,  in  practice  the  time  factor  does  enter  into  all  thermodynamic 
investigations  of  real  systems,  because  starting  from  non-equilibrium  conditions 
certain  amount  of  time  is  required  before  the  system  will  attain  a  state  of 
equilibrium.  This  is  the  place  where  the  kinetic  parameters  involving  catalysis 
enter  into  the  behavior  of  the  electrochemical  processes  involving  gas 
electrodes,  specially  hydrogen  and  oxygen  electrodes.  This  is  in  sharp 
contrast  to  reversible  redox  reactions  e.g-  (aq.  soln.)^^ 

Fe  (aq.  soln),  which  occur  entirely  in  the  solution  phase-  For  electrodes 
involving  molecular  hydrogen  or  oxygen,  the  homogeneous  exchange  equilibrium 
such  as  H2  (aq.  soln)  2H'''  (aq.  soln.)  25  is  not  established  since 
the  exchange  current  for  the  homogeneous  (solution  phase)  reaction  is  negligible 


Criteria  of  Thermodvnajnlc  Reversibility  -  ContM 

If  an  inert  or  indifferent  metal  electrode  is  placed  in  the  solution  containing 
hydrogen  molecules  and  hydrogen  ions,  the  inert  electrode  will  not  assume 
the  potential  defined  by  the  above  equilibrium  for  the  hydrogen  electrode,  since 
the  equilibrium  does  not  exist.  In  this  case  the  measured  open  circuit  voltage 
will  have  little  or  no  thermodynamic  significance  as  far  as  the  hydrogen  electrode 
is  concerned.  It  is  thus  clear  that  something  more  is  required  of  the  metal 
than  to  give  or  receive  electrons.  "It  must  catalyze  the  equilibrimn"  (lO). 

With  the  hydrogen  electrode  this  may  be  written  H2  ^  2H  (adsor^d 
on  metal  catalyst)  •^=r  2H'^  (aq.  soln. )  +  2  .  Therefore  the  catalytic 

property  of  the  electrode  in  establishing  the  above  equilibria  becomes  very 
important.  This  property  must  assume  greater  significance  for  the  oxygen 
electrode  since  energetically  the  adsorption  of  ©£  and  its  dissociation  into 
atoms  or  the  reverse  of  these  is  likely  to  be  more  difficult  in  the  case  of 
oxygen.  It  should  be  emphasized  that  an  inert  or  indifferent  electrode  is 
capable  of  remaining  in  a  state  of  non-equilibrium  for  indefinite  time,  whereas 
a  reversible  electrode  is  an  electrode  for  which  the  state  of  electirochemical 
equilibrium  is  essentially  a  state  of  true  thermodynamic  equilibrium.  In 
practice,  the  difference  between  a  truly  reversible  electrode  and  an  indifferent 
electrode  is  gradual  Jind  will  depend,  among  other  things  on  the  catalytic 
activity  of  the  electrode  material.  However,  it  is  difficult  to  define 
exactly  where  the  electrode  ceases  to  be  reversible  and  where  the  inert  or 
indifferent  electrode  takes  over,  since  even  a  perfectly  inert  electrode  will 
exhibit  certain  potential,  though  not  necessarily  due  to  the  reaction  under 
consideration.  For  fuel  cell  applications,  the  indifferent  electrodes,  e.g. 
mercury  or  bright-smooth  platinum  are  considered  to  be  relatively  minor 
in  importance  and  the  experimental  work  is  primarily  restricted  to  catalytically 
active  surfaces  of  materials  like  platinum  black  that  show  high  exchange 
rates  for  the  reaction  under  consideration. 

2.0  experimental  approach 


Definition  of  Polarization 


Electrochemical  polarization  associated  with  a  given  reaction  such  as  reaction 
(1)  is  defined  here  as  the  difference  between  the  reversible  thermodynamic  emf 
associated  with  that  overall  reaction  and  the  measured  value  of  the  emf  of 
the  complete  cell  at  a  given  current  density.  Symbolically '^Cell  =  B°rev,— 

.  .  Where  Yj  cell  is  the  total^cell  polarization  associated  with  the  reaction 

(1)  carried  out  in  a  fuel  cell,  E  is  the  standard  reversible  emf  for 

reaction  (l)  at  25°C  the  standard  reversible  emf  will  be  1.229V,  as  shown  in 
Figure  I  provided  both  the  electrodes  function  or  can  be  made  to  function  at 
the  same  pH.  For  the  purposes  of  experimental  investigation,  the  total  cell 
polarization  is  usually  divided  into  the  following  types: 

>?cell  ^  c  ^2 

where  ^  represents  the  ohmic  polarization  due  to  the  internal  resistance 
of  the  cell,  '^c  represontri  the  concentration  polarization  due  to  changes 
in  the  activities  of  the  reactin^^  species  at  each  electrode,  )1H2  and  0^ 
represent  the  so-called  activation  or  chemical  polarization  associated  with 
the  hydrogen  electrode  and  the  ojQrgen  electrode  respectively# 


Definition  of  Polarization  (Cont’d) 


It  can  be  safely  assumed,  on  the  basis  of  extensive  published  work,  as  well 
as  our  own  work  reported  later,  that  the  internal  resistance  of  the  cell  can 
be  determined  fairly  accurately  by  several  i ndependent  methods  and  corrected 
for:  ncell  -  77o  ”  ^  ^H2 

The  determination  of  the  contribution  of conce,  ^  H2  ^02  respectively 
to  the  overall  cell  polarization  (corrected  for  IR)  presents  a  difficult 
experimental  problem.  It  can  be  safely  assumed,  on  the  basis  of  the  experimental 
evidence  presented  later,  that  the  concentration  polarization  associated  with 
the  transport  of  the  molecular  hydrogen  and  oxygen  to  the  electrode  can  be 
substantially  eliminated  by  proper  experimental  conditions «  The  concentration 
polarization  associated  with  the  ionic  species  produced  at  each  electrode, 
however,  is  not  at  all  easy  to  measure  experimentally,  or  to  calculate 
theoretically,  particularly  with  the  fuel  cell  systems.  The  reasons  for  this 
will  be  discussed  in  detail  in  the  discussion  section,  but  it  is  necessary  to 
point  out  here  that  both  the  hydrogen  and  the  oxygen  electrode  potentials  are 
pH  dependent  through  the  Nernst  equation,  and  that  since,  ^  eff^ect,  the  anodic 
reaction  produces  an  acid  and  the  cathodic  reduction  produces^ 6 ase,  the  two 
electrodes  cannot  function  at  the  same  pH  (at  least  in  principle)  at  any  finite 
faradaic  current.  It  should  be  pointed  out  that  because  of  the  high  catalytic 
activity  and  large  surface  areas  of  the  electrodes,  they  have  a  great  ability 
and  large  capacity  to  specifically  adsorb  the  ionic  species  produced  at  each 
electrode,  thereby  changing  the  effective  pH  at  each  electrode.  There  is,  at 
present,  no  way  of  accurately  measuring  the  pH  at  each  electrode  (except  by 
measuring  the  potential  which  is  the  parameter  we  want  to  investigate  and 
interpretate) •  It  is  also  not  possible  at  present  to  calculate  wilh  any  degree 
of  accuracy  or  certainty  the  pH  changes  at  each  electrode  or  ionic  concentration 
polarization  using  the  Fick*s  law  of  diffusion  and  the  relevant  ionic  diffusion 
coefficients  since  the  following  requirements  must  be  fulfilled  for  the  Fick*s 
law  to  be  applicable?  (a)  'Tree  diffusion”  under  pure  concentration  gradient 
(b)  Absence  of  any  potential  (electrical)  gradients  and  specific  adsorption 
forces  (c)  Idealized  ions  at  infinite  dilution,  which  in  practice  demands  a 
large  concentration  of  an  indifferent  electrolyte  to  carry  the  bulk  of  the 
ionic  current  and  only  a  small  concentration  of  the  electroactive  species  so 
that  the  transference  or  migration  current  can  be  reduced  to  a  negligible 
value,  (d)  The  thickness  of  the  diffusion  layer  and  the  value  of  the  diffusion 
coefficient  of  the  relevant  ionic  species  must  be  known.  When  these  require¬ 
ments  are  examined  in  case  of  fue]  cell  systems,  it  becomes  evident  that 
none  of  these  requirements  are  satisfied.  Thus,  for  instance,  practically 
all  the  ionic  transport  occurs  under  electrical  gradient,  especially  in  the 
case  of  the  ion-exchange  membrane  fuel  cells  and  that  at  each  catalytic 
electrode  there  are  powerful  ionic  interaction  or  adsorption  forces.  There 
is  no  inert  electrolyte  present  and  the  ionic  species  carrying  the  current 
are  all  electroactive.  The  thickness  of  the  diffusion  layer  is  unknown  because 
the  two  electrodes  are  very  closely  spaced  (less  than  0,1  cm  as  discussed 
belo\^  This  is  particularly  true  f ion-exchange  membrane  fuel  cells  where 
the  current  is  transported  by  modes  other  than  pure  diffusion.  Finally  the 
diffusion  coefficients  for  the  highly  concentrated  acids  and  bases  generally 
employed  in  fuel  cells  are  not  calculable  since  in  concentrated  solutions, 
the  diffusion  coefficient  depends  markedly  on  concentration. 
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Definition  of  Polarization  (Cont’d) 

For  these  reasons,  the  measurement  or  calculation  of  the  contribution  of  the 
ionic  concentration  polarization  at  each  electrode  in  actual  fuel  cell  systems 
is  not  possible  at  present  and  considerable  amount  of  theoretical  and  experimental 
work  will  be  necessary  before  satisfactory  solutipn  of  these  problems  can  be 
found,. 

The  problem  of  unambiguously  determining or  A02  for  the  hydrogen-oxygen 
fuel  cells  operating  in  the  same  bulk  electrolyte  appears  to  be  equally  difficult. 
Apart  from  the  theoretical  problems  involved  in  splitting  the  total  emf  into 
individual  electrode  potentials  as  discussed  under  thermodynamic  considerations, 
there  are  many  experimental  problems  whl^h  have  not  yet  been  solved.  Thus  for 
instance,  in  order  to  calculate  ™ust  know  the  effective  activity 

of  the  ionic  species  at  the  electi'ode  so  chat  the  actual  reversible  electrode 
potential  can  be  calculated  using  the  appropriate  Nornst  equation.  The 
difficulties  encountered  are  discussed  under  the  concentration  pol.irization. 

Each  electrode  is  pH  dependent  and  in  close  proximity  (  <.  0  j  cbk'’'  of  the  other 
electrode..  Therefore  any  pH  dependent  reference  electrode  (such  as  the  standard 
hydrogen  electrode)  is  clearly  unsuitable  as  a  reference  electrode  unless  the 
relevant  ionic  distribution  (or  gradient)  is  known.  It  is  possible  to  use  other 
reference  electrodes  such  as  a  saturated  calomel  electrode  but  there  are  several 
practical  problems  and  ambiguities  to  be  resolved.  The  experimental  results  obtained 
with  several  types  of  references  electrodes  are  presented  in  the  section  on 
experimental  results  where  the  experimental  problems  associated  with  the  use  of 
reference  electrodes  are  discussed  in  greater  detail.  From  these  preliminary 
results  and  on  the  basis  of  the  above  discussion,  it  is  tentatively  concluded 
that,  for  the  hydrogen-o^gen  fuel  cell  systems,  reliable  methods  of  measuring 
H2  and  7^02  are  not  yet  established  and  that,  therefore,  7|H2  and 
cannot  be  separated  unequivocally  from  each  other  or  frorayi  g.  '^e  immediate 
solution  is  to  treat  these  quantities  together.  It  should  to  emphasized, 
however,  that  this  is  only  a  temporary  expedient  and  the  importance  of 
evaluating  the  reliability  of  the  known  reference  electrodes  or  devising  new 
methods  of  measuring  individual  electrode  potentials  in  an  operating  hydrogen- 
oxygen  fuel  cell  should;  by  no  means  be  minimized.  In  the  meantime,  it  is  believed 
that  the  total  cell  polarization  (after  IR  correction)  is  an  unambiguous  and 
reliable  physical  quantity  and  gives  very  valuable  information  both  from  theoretical 
and  experimental  points  of  view  as  will  be  shown  in  this  report.  In  their  book 
on  Reference  Electrodes,  Ives  and  Janz  (11)  recognize  this  approach  as  fundamentally 
sound  and  in  fact,  inherently  more  reliable.  Here  it  may  be  of  interest  to  quote 
their  exact  words:  "The  question  of  single  electrode  potentials  may  now  be  raised 
again.  Fundamentally  indeterminate  as  they  are,  they  will  have  to  be  expressed 
on  some  arbitrarily  invented  scale.  It  may  well  be  asked,  why  is  it  necessary 
to  do  this  at  all?  Would  it  not  be  bettor  to  stick  to  the  quantities  which 
can  be  measured  unambiguously,  namely,  the  emf  values  for  complete  cells?  The 
answer  is  that  it  undoubtedly  v;ould  be  better  and  that  it  should  be  done  on 
every  occasion."  This  appears  to  be  of  particular  significance  for  the  hydrogen 
and  o:^gen  electrodesof  fuel  cells.  Therefore,  the  majority  of  data  presented 
here  are  for  the  emf  valuer,  of  complete  cells  unless  otherwise  stated. 


-15- 


^^rpes  of  Oxygen  Electrodes  and  Fuel  Cell  Structures  Investigated 

Daring  the  course  of  this  contract  work,  the  oxygen  electrode  behavior  was 
investigated  using  the  following  types  of  fuel  cell  st-.Tictures  or  designs. 

TIPE  I  A*  The  General  Electric  Company  Ion-Exchange  membrane  fuel  cells  made 
from  sulfonated  phenol -formaldehyde  polymer  membrane  with  the 
catalytic  film  electrodes  integrally  bonded  to  each  side  of  the 
polymer  matrix.  After  manufacture,  the  membr.mos  were  completely 
leached  out  in  distilled  water  and  the  pH  of  the;  lo.echoii  membrane 
was  about  3.5»  The  total  cell  thickness  (spacing  oetween  the 
electrodes)  was  about  0.06  cm  including  the  thickness  of  each 
electrode  which  was  about  O.OO3  cm.  The  geometric  area  of  •^he 
cells  investigated  was  either  10  cm^  or  100  cra^,  though  in  some 
cases  polarization  curves  were  compared  with  larger  cells  (say 
100  in.^).  Hydrated  protons  are  assumed  to  be  the  only  ionic 
species  involved  in  the  ionic  transport  through  the  membrane 
in  which  anions  are  fixed  in  the  polymer  matrix.  Various  catalysts 
were  used  for  the  oxygen  electrode. 

TYPE  I  B.  Catalytic  film  electrodes  held  on  two  separate  cationic  exchange 
membranes  which  were  separated  by  aqueous  solution  of  sulfuric 
acid  of  different  concentration.  The  spacing  between  the  membranes 
was  about  0.1  cm.  These  studies  were  carried  out  in  connection 
with  another  project  with  G.E.  funds,  but  the  polarization  character- 
isticr.  are  summarized  here  because  they  are  significant  for  the 
behavujr  of  the  oxygen  electrode. 

TYPE  II  Free  Aqueous  electrolytes  (a)  held  in  an  inert  matrix  such  as 
filter  paper  (b)  equilibrated  in  ion-exchange  membrane  cells. 

A.  Acid  Electrolyte  (2N  H2SO4) 

B.  Alkaline  Electrolyte  (oN  or  30^  KOH) 

The  ion-oxchange  matrix  used  for  fixing  the  electrolyte  was  zerolit  C-20  for 
the  acid  and  zerolit  A-20  for  the  alkali.  The  film  electrodes  (without  any 
supporting  polymer  structure)  were  held  on  each  side  of  the  matrix  by  the 
cell  housing.  The  cell  construction  was  similar  to  that  described  by  Grubb 
and  Niedrach  (l2).  The  electrodes  studied  were  3  in  diameter  circles.  In 
addition  some  initial  studies  were  also  made  concernir.g  the  polarization 
behavior  of  the  oxygen  electrode  with  free  electrolyte  (without  any  support¬ 
ing  matrix)  using  circular,  thin  electrodes  in  Cells  of  Type  IIB. 

TYPE  III  An  H  type  glass  cell  with  a  fritted  glass  disc  separator  was  used 

for  studying  the  open-circuit  behavior  of  various  porous  electrodes 
in  conjunction  with  a  saturated  calomel  or  a  hydrogen  reference 
electrode.  These  cells,  however,  had  relatively  high  internal 
resistance  even  with  30%  KOH  as  the  electrolyte  and  were  primarily 
used  for  open-circuit  and  low  current  density  behavior  of  the 
oxygen  electrode  with  different  types  of  catalytically  active 
carbon  electrodes.  The  results  obtained  with  this  type  of  cell 
must  be  considered  only  of  preliminary  nature. 
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Types  of  Oncygen  Electrodes  and  Fuel  Cell  Structures  Investigated  -  Cont’d 

In  addition,  a  fairly  large  and  concentrated  effort  was  devoted  to  a  rather 
complete  review  of  the  li.terature  concerning  the  oxygen  electrodes  with 
particular  reference  to  the  fuel  cell  systems.  A  comparison  of  the  nolariz.ntion 
behavior  of  the  oxygen  electrode  in  various  types  of  fuel  cells,  with  a  variety 
of  catalysts  investigated  during  this  contract  i-;lth  the  best  results  published 
in  the  literature  was  considered  vital  for  this  work,, 

t 


The  internal  resistance  of  the  ion  exchange  membrane  and  other  cells  was 
measured  by  different  techniques  which  included  (l)  60  cycle  a.c.  bridge 
made  by  Industrial  Instruments  Co.  This  bridge  is  suitable  for  resistances 
in  the  range  of  1.0  to  0.001  ohm.  (2)  General  Radio  Impedance  Bridge,  Type 
I65OA,  Serial  No.  64lA,  1000  cycles.  Both  these  bridges  gave  almost  identical 
results.  (3)  Interrupter  technique  using  the  Kordesch-Marko  type  circuit, 

U3)-  described  in  Progress  Report  No.  11.  In  using  this  technique,  both  d.c. 
polarization  curves  (useful  terminal  voltage  including  IR  losses)  and  a.c. 
polaii-zation  (d.c.  terminal  voltage  less  IR  as  given  by  the  current  interruption) 
curves  were  recorded.  The  difference  in  two  voltages  at  a  given  current  density 
would  then  give  the  IR  drop  at  that  current  density*  The  value  of  the  internal 
resistance  obtained  in  this  way  was  generally  in  good  agreement  with  that 
obtained  by  other  methods.  In  a  few  cases,  the  interrupter  technique  with 
molecular  hydrogen  gas  on  both  sides  of  the  standard  ion>exehange  membrane 
cell  was  used  to  check  the  behavior  of  the  hydrogen  electrode  under  those 
conditions.  The  current  density-voltage  curve  generally  coincided  with  the 
current  density  axis  suggesting  that  the  two  hydrogen  electrodes  under  those 
conditions  were  behaving  nearly  reversibly.  In  some  cases,  the  ion-exchange 
membrane  cells  with  Hydrogen  gas  at  both  electrodes  were  driven  by  an  external 
d.c.  source.  With  the  exurrent  density  range  investigated,  the  current-density 
voltage  plot  gave  a  straight  line  passing  through  the  origin,  and  the  slope 
of  the  line  was  in  good  agreement  with  the  value  of  the  internal  resistance 
obtained  by  other  method.  Here  was  a  further  indication  that  under  these 
conditions,  the  two  hydrogen  electrodes  behave  apparently  reversibly. 

The  resistance  measurement  obtained  by  the  above  method  was  compared  with  the 
slope  of  the  linear  portion  of  the  d.c.  polarization  plots  of  the  hydrogen- 
oxygen  cells  in  order  to  get  IR-free  polarization  plots.  If  it  can  be  established 
beyond  any  doubt  that  the  hydrogen  electrode  behaves  reversibly  at  all  pH 
values,  then  the  polarization  data  reported  here  (after  IR-correction)  would 
represent  the  polarization  due  to  the  oxygen  electrode. 

Figure  (2)  represents  the  typical  data  used  for  calculating  the  internal 
resiatance  of  a  representative  ion-exchange  membrane  fuel  cell.  The  curves 
are  self-explanatory. 
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^Hydrogen  polarization  of  2  hydrogen  electrodee  ( by  Inter 
^  hydrogen  polarization  +  cell  resistance  Technique^ 

0  hydrogen  oxygen  polarization 
□  hydrogen  +  oxygen  polarization  ♦  cell  resistance 
Theoretical  open  circuit  voltage  is  1,229t. 


5  10  1?  *0 
Current  Density  MUliamps/cn^ 


Figure  2 

Hydrogen  and  Oxygen  Electrode  Polarization 
and  Internal  Resistance  (by  Interrupter  Technique) 
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3*0  Bxprimental  Results 


Initially  most  of  the  polarization  data  were  plotted  as  volts 
versus  logarithm  of  current  density.  Such  plots  revealed  that  the 
catalytic  electrodes  used  for  fuel  cell  applications  do  not  obey 
the  Tafel  law.  Some  representative  plots  of  cell  emf  (or  electrode 
potential)  versus  logarithm  of  current  density  are  given  in  the 
Appendix  A.  The  linear  plots  (volts  versus  current  density)  showing 
an  initial  rapid  voltage  drop  near  the  open  circuit  conditions  and 
followed  by  a  linear  region  extending  to  fairly  high  current  densi¬ 
ties  are  most  instructive.  It  is  convenient  to  present  and  discuss 
the  linear  and  the  non-linear  sections  (including  the  open  circuit) 
of  the  polarization  plots  separately.  The  current  density  is  based 
on  the  geometric  or  the  apparent  area. 

A.  Linear  Polarization  plots  for  the  H2/O2  fuel  cells 


Representative  polarizaticr.  data  fox  the  H2/O2  fuel  cells 
of  the  types  lAj  IBi  IIA  and  IIB  defined  earlier  are  given  in 
Figures  3  to  9  I'espeotl /(  ly ,  Ncc-jre.-.ry  infonraLion  about  the 
cell  type,  the  nature  ol  tne  oiectrciy I e  ana  the  method  of  IR 
corrections  whenever  employed  is  given  in  each  figui*e.  The  catalyst 
used  for  the  oxygen  electrode  in  each  of  cells  of  Figures  3  to  9 
was  platinum  black.  The  linear  portion  of  each  plot  (with  or  with¬ 
out  IR  correction)  is  extrapolated  to  zero  current  density  and  it 
is  seen  that  the  extrapolated  value  of  the  voltage  or  emf  at  zero 
current  is  approximately  0.93  j:  0.02  volts. 

Comparison  with  the  Literature  Value 

Table  2  gives  the  comparison  of  the  polarization  characteristics 
of  the  various  cells  Investigated  during  the  present  con¬ 

tract  work  with  some  published  data  for  the  Bacon  cell  (14)  the  Justi 
cell  (15)  and  the  Elmore  and  Tanner  (16)  cell  respectively.  It  may 
be  noted  that  the  Bacon  cell  data  is  for  200°C.  6OO  psi  pressuie, 

Justi  cell  data  is  for  80®C  and  2.5  Kg/cm^  pressure,  whereas  Elmore 
and  Tanner  cell  was  operated  at  approximately  150°C.  In  spite  of 
these  differences  in  the  operating  temperatures  and  pressures, 
catalyst  mateid.als,  the  differences  in  the  physical  and  chemical 
characteristics  and  pH  of  the  electrolytes,  the  intercept  in  each 
case  is  approximately  at  0.93  volts.  It  is  particularly  significant 
to  note  that  incirease  of  temperature  has  substantially  negligible 
effect  on  the  value  of  the  voltage  intercept.  For  the  ion-exchange 
membrane  fuel  cells  with  platinum  black  catalysts,  increase  of 
temperature  to  about  75°C  was  four.a  to  have  substantially  negligible 
effect  on  the  voltage  irter-epts-  binuiar  results  showing  that 
temperature  has  no  significant  effect  in  reducing  the  initial 
polarization  loss  for  fuel  cells  uSi-ng  platinum  black  catalysts 
have  been  reported  (1?).  It  is  interesting  to  compare  these  effects 
with  similar  negligible  effects  of  temperature  on  the  polarization 
charactejristics  of  the  hydrogen  electrode  made  with  platinum  black  (18). 
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>ltage  Characteristics  (in  absence  of  IR  drop) 
’  lEK  Fuel  Cell  #3 -A  Jan.  19,  1961 


Cell  Perf 


Anps/Ft^ 
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Figure  6 

Pttrfoniance  of  Cell  with  Pt  Electrodes 
Electrolyte  ■  Zerollt  C.'^o  Cetimi  Exchange 
Mssibrane  After  Equilibration  with  2N  H2S0^ 


Figure  7 

Perfonnaqce  of  Cell  with  Pt  Electrodes 
Electrolyte  *■  Zerollt  Ao20  Anion  Exchange 
Membrane  after  Equilibration  with  yjfL  KOH 
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Cell  EMF  -  Volts 


Electrolyte  ■  2N  H2S0lj  in  Dynel  Matrix 


Figure  9 

Performance  of  Cell  with  Pt  Electrodes 
Electrolyte  ■  305?  KOH  in  I>jmal  Matrix 
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SUMMAKY  or  UNCAR  POLARIZATION  PIjOTS  FOR  Hj/Oj  FUEL  CELLS 
COMPARISON  WITH  SOME  PUBLtSHEO  DATA 


Bff«ot  of  different  catalysts  for  the  oxygen  electrode  in  the  lon- 
•awhaiMw  — mbrtna  c«llt- 

Polarization  data  (not  corrected  for  IR)  with  different  catalysts 
for  the  oiqrgen  electrode  are  given  in  Figure  10.  Cells  6,  13»  14  and 
15  had  only  platinum  black  (various  amounts)  as  catalyst  wheireas 
other  cells  had  a  variety  of  catalysts  including,  Pd,  Mo,  W,  PtO,  etc. 
Only  with  platinum  black  catalyst,  the  slope  of  the  linear  polar¬ 
isation  plot  agreed  with  the  resistance  measured  by  other  methods. 

Polarization  characteristics  of  cells  containing  carbons: 

Figure  11  gives  the  polarization  characteristics  of  the  ion- 
exchange  membrane  fuel  cells  with  oxygen  electrodes  consisting  of 
various  mixtures  of  carbon  and  platinum  black  specified  in  Table  3* 

The  polarization  curves  were  obtained  with  the  interrupter  tech¬ 
nique  and  thus  include  essentially  no  IR  drops.  It  may  be  noted 
that  the  slopes  of  the  IR-free  linear  polarization  plots  appear 
to  be  roughly  proportional  to  the  amount  of  carbon  present. 

Effect  of  various  methods  of  applying  the  platinum  black  catalyst. 

These  data  are  given  in  the  Table  4.  It  is  tentatively 
concluded  that  a  mechanical  diy  mix  of  platinum  black  with  carbon 
gives  at  least  as  good  insults  as  other  methods  of  platinizing 
the  carbon  blacks.  Because  of  the  complexity  of  various  para¬ 
meters  involved  and  due  to  the  difficulties  of  interpreting  such 
results,  this  type  of  work  was  not  persued  any  further  during 
the  present  contract  work. 

B.  Behavior  of  the  oxygen  electrode  and  ^2/0^  Fuel  cells 
on  open  circuit  and  at  low  current  densities: 

Measured  values  of  the  emf  of  H  /O  fuel  cells  or 
the  potentials  of  the  oxygen  electroae  on  open-circuit 
and  at  low  current  densities  do  not conform  to  any  of 
the  criteria  of  the  thermodynamic  reversibility  out¬ 
lined  under  thermodynamic  principles.  Measured  values 
are  affected  by  a  number  of  non-thermodynamic  para¬ 
meters  including  the  following s- 

(a)  Time  variation,  often  irregular  and  at  present 
unpredictable 

(b)  Type  of  electrode  material  e.g.  Pt,  Pd,  C 

(c)  Surface  ar«a  and  activity  e.g.  bright  Pt 
versus  platinum  black 

(d)  ELec+rolyte  pH 

(a)  Stirring  or  agitation 

(f)  Presence  of  foreign  ions  e.g.  chloride, 
bromide,  iodide  ions 

(g)  Pre-electrolysis  of  electrolytes 

(h)  Electrode  Geometry,  cell  design,  position  and 
construction  of  the  reference  electrodes  etc. 


Figure  10 

Polarization  Characteristics  of  H2/O2  Fuel  Cells  (IR  included) 
Constant  Electrolsrte  (GE  lEM,  Type  lA) 

Different  Catalysts  for  the  Oj  Electrode 
(Current  Collector  Set  #1) 


TABLE  3 


Data  concerning  the  relative  amounts  of  carbon  to  platinum 
used  for  the  oxygen  electrode  for  ion  exchange  fuel  cells. 

All  cells  are  4"  x  4"  acidic  ion-exchange  membrane  cells  with 
3  ply  reinforcement. 

Catalyst  loading  on  the  fuel  (H2)  side  is  constant  at  0.0375  g 
palladium  per  square  inch. 


LOADING  FOR  THE  OXYGEN  SIDE  (DRY  MIXTURE) 


Cell  # 

Carbon  g/in^ 

Platiniun 

SC-1 

0.016 

0.0187 

SC-2 

0.021 

none 

SC-3 

0.010 

0.0375 

SC-4 

0.010 

0.0187 

SC-5 

0.0045 

0.0187 

SC-6 

0.021 

0.0187 

SC-7 

0.007 

0.0187 

SC-8 

n<Mie 

0.075 

SC-9 

0.006 

0.056 

SC-11 

none 

0.1125 

-29- 


Perforaance  of  the  Ion  Bgehange  Meabrane  Fuel  Cell  as  a  Function  of  tha 
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(j)  Reported  effects  of  superimposed  a.c.  on  the  d.c. 

In  addition 9  two  important  and  rather  unusual  obser¬ 
vations  concerning  the  open  circuit  voltage  of  the 
oxygen  electrode  arei 

(1)  Time-dependent  open  circuit  voltages  greater  thm 
the  theoretical  maximum  of  1.23V  at  room  ten^- 
eratui*e  under  certain  conditions. 

(2)  ESqperimentally  observed  effects  of  higher  temp¬ 
eratures  (fused  electrolytes)  which  at  present 
cannot  bo  explained  ty  the  classical  thermodynamics. 

A  brief  summary  of  these  results  is  reported  belows 

Variation  with  times 

The  time-variation  of  the  O.C.V.  of  the  oxygen  electrode,  observed 
by  practically  all  the  investigators  studying  the  oxygen  electrode, 
presents  the  single  most  troublesome  variable  in  the  study  of  the 
oxygen  electrode  on  O.C.V.  and  at  low  current  densities.  However, 
this  factor  has  been  ignored  by  a  majority  of  investigators  and 
this  contributes  to  the  serious  lack  of  agreement  in  the  results 
obtained  by  different  investigators.  Apparently,  this  effect 
has  not  yet  been  systematically  investigated  under  controlled 
conditions  designed  to  minimize  the  effect  of  other  variables. 

It  is  generally  observed  that  Tor  a  given  electrode  material, 
the  time  variation  is  least  with  catalytically  active  or  rough 
surfaces  compared  to  smooth,  bright  surfaces,  and  that  in  aqueous 
alkaline  media,  the  time  variation  is  relatively  small  compared 
to  aqueous  acidic  media.  One  rather  remarkable  observation  is 
that  with  the  ion-exchange  membrane  fuel  cells,  the  open-circuit 
voltage  of  the  oxygen  electrode  with  platinum  black  is  established 
relatively  rapidly  (in  about  5  minutes)  and  this  value  shows 
little  or  no  change  as  a  function  of  time  over  several  hours  or 
days. 


Some  time  variations  of  the  O.C.V.  are  given  in  Table  5  and 
in  Figures  12,  13  and  14.  Additional  data  are  given  in  Tables  8  and  9. 

(b)  Effect  of  the  type  of  electrode  materials 

Table  6  gives  data  for  the  O.C.V.  of  a  large  number  of  ion- 
exehange  membrane  H^/O  fuel  cells  made  with  different  catalysts 
for  the  oxygen  electroae.  Replacing  palladium  black  for  the 
platinum  black  for  the  hydrogen  electrode  with  constant  oxygen 
electrode  showed  no  significant  change  in  the  O.C.V. 

Data  published  in  the  literature  refer  primarily  to  platinum 
black,  bright  platinum,  and  carbon  electrodes  for  aqueous  acidic 
systems  and  these  plus  nickel  and  silver  for  the  aqueous  alkaline 
electrolytes. 
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Table  i 


I  Oxygen  Electrode  Potential 

Open  Circuit  Voltage  as  a  Function  of  Time 

i 

i 

I 

I 

Time  (min. )  Potential  Time  (min. )  Potential  Time  (min. )  Potential 


0.420  (1) 

225 

1.139 

428 

1.177 

0.475 

227 

1.165 

438 

1.190 

0.512 

236 

1.198 

448 

1.199 

0.630 

238 

1.203 

458 

1.206 

0.825 

246 

1.219 

473 

1.213 

0.908 

249 

1.226 

488 

1.219 

1.026 

252 

1.227 

496 

1.222 

1.045 

255 

1.231 

513 

1.227 

1.110 

260 

1.235 

553 

1.233 

1.154 

273 

1.243 

580 

1.238 

1.184 

279 

1.246 

585 

1.238 

1,204 

284 

1.248 

588 

1.238 

1.238 

290 

1.251 

602 

1.241 

1.220  (4) 

303 

shorted  out 

618 

1.241 

1.225  (4) 

304 

1.010 

1  (1) 

-  (2), 

1.234  (4) 

306 

1.085 

619 

1.230 

1.237 

307 

1.091  (3) 

623 

1.235 

1.238  (5) 

313 

1.093 

636 

1.239 

1.242 

shut  down  overnight 

654 

1.238 

1.228 

313  ♦  ! 

0.217  (1) 

658 

1.240 

1.216 

326 

0.343 

671 

1.243 

1.214 

334 

0.491 

698  1 

1.246 

1.178 

336 

0.647 

708 

1.248 

1.178 

1.190  (2) 
1.218 

1.190 

1.203 

1.225 

1.225 

341 

346 

354 

357 

362 

365 

369 

0.837 

0.915 

1.037 

1.064 

1.090 

1.093 

1.097  (2) 

718 

1.250 

3- 


Table  5  (Cont*d) 


Tlae  (Bln)  Potential  Time  (min)  Potential _ Tln>e  (win. )  Potential 


147 
,  150 

165 

175 

198 

212 

219 

1.228 

1.224 

1.162  (1) 

1.145 

1.132 

1.116 

1.122  (2) 

373 

375 

380 

385 

390 

409 

418 

1.108 

1.115 

1.128 

1.138 

1.144 

1.159 

1.165 

(1)  0^  electrode  fully  immersed 

(2)  O2  electrode  1/4  immersed 

(3)  Og  electrode  1/2  immersed 

(4)  Using  different  Rubicon 
potentiometer 

(5)  Readings  taken  using  both 
potentiometers 

flectrode  in  the  Same  Solution;  Platlnieed,  Vfet  Proofed  Carbon  in  25K  KOH 


1.2 


Catalyst  Current  Drain  Cell  Voltage  Tiae  (Mins.) 
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Effect  of  different  catalysts  on  oxygen  depolarised  carbon  electrodes  in  an  acid  system: 
For  details  concerning  the  electrode  preparation  see  Table  8 
Electrolyte:  Sodiun  Acetate  Acetic  Acid  Buffer,  pH  of  4.0. 
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OPEN  CIRCUIT  VOLTAGES  OF  THE  G*E.  CATION  KICHAIISK  MBMESANB,  HinPCm4)rgai  FOIL 
AS  A  FUNCTION  OF  THE  "CATALICTIC*  BJCTROEI  MATBIAL.  CELL  THICKOSS  ABOUT  0.025 
INCHES.  ROOM  TBlPmATURB.  (PUTINUM  A  PALLADIUM  BLACKS.  AS  RKKITBD  Fra  BKHlH 
IND.  UNLESS  OTHBOflSE  STATED).- 
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A  significant  observation  concerning  the  effect  of  pH  is  that 
platinum  black »  active  nickel,  active  silver  and  catalyzed 
carbons  in  alkaline  electrolytes  (6N  NaOH  or  EGH)  give  approx¬ 
imately  1.1  to  1.15  volts  for  the  open  circuit  potential  of  the 
oxygen  electrode  with  respect  to  a  hydrogen  electrode  in  the 
same  solution  under  otherwise  apparently  identical  conditions. 

A  summary  of  the  comparion  of  the  data  on  O.C.V.  obtained 
during  the  present  contract  work  with  some  typical  published 
data  is  presented  in  Table  7. 

(0)  Effect  of  surface  area  and  activity t 

Tables  4,  6  and  7  summarize  the  effect  of  these  variables. 

It  is  generally  observed  that  bright,  smooth  electrodes  in 
general  give  lower,  and  irreproducible  results.  This  apparently 
can  be  attributed  to  the  differences  in  surface  area  and  activity. 
Additional  data  are  given  in  Tables  8  and  9  together  with  pH  effects. 

With  liquid  electrolytes,  the  total  surface  area  under  the 
electrolyte  also  appears  to  have  significant  effect  on  the  be¬ 
havior  of  the  O.C.V.  According  to  Richards  (19)  the  immersed 
surface  of  the  platinum  electrode  must  be  maintained  as  constant 
as  possible,  "a  sudden  large  increase  of  immersed  surface  causing 
a  sudden  fall  in  potential.**  Similar  qualitative  observations 
were  repeatedly  made  duiring  this  work.  Some  data  on  the  open- 
circuit  voltage  given  in  Table  5  show  this  effect.  Similar 
observations  with  reversible  hydrogen  electrode  behavior  is 
repoi*ted  and  the  area  under  the  electrolyte  is  usually  specified. 

The  effect  of  the  method  of  electrode  preparation,  partic¬ 
ularly  of  applying  Platinum  black  has  been  given  in  Tables  4  and  6. 

Surface  area  and  activity  repi*esent  the  single  most  important 
variable  for  a  fuel  cell  system  using  a  given  electrolyte  as  is 
evident  from  the  large  emphasis  given  to  the  catalyst  preparations 
by  different  organizations.  This  area  represents  more  of  an  art 
or  a  matter  of  experience  rather  than  a  science  and  no  general¬ 
ization  can  be  made  at  present.  It  does  appear  however,  that 
chemical  precipitation  of  the  catalyst  on  the  substrate  usually 
gives  a  more  active  and  more  reproducible  electrode  than  electro  - 
plating  methods.  Platinum  black  supplies  by  different  suppliers 
usually  give  different  polarization  behavior.  This  maybe  due, 
at  least  in  part,  to  the  differences  in  the  specific  surface  areas. 

It  appears  that  a  material  which  is  a  superior  catalyst  for 
the  peroxide  decomposition  is  not  necessarily  superior  for  the 
cathodic  reduction  of  ©2  to  OH".  This  conclusion  was  also 
arrived  at  independently  by  Hauel  (20)  who  showed  that  ruthenium 
black,  which  is  superior  to  platinum  black  for  the  peroxide 
decomposition  is  inferior  to  platinum  black  for  oj^gen  electrode. 


TABLE  7 

SUMMARY  OF-nrPICAL  SIGNIRCANT  PUBLISHED  DATA  ON  O  C  V  OF  0,  ELECTRODES  OR  H_/0o  FUEL  CELLS 
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(d)  Effect  of  electrolyte  pH. 

A  sunMry  of  data  is  given  in  Table  7.  The  data  for  vairiouely 
catalysed  carbon  electrodes  as  a  function  of  pH  are  given  in  Tables 
8  and  9*  With  these  carbon  electrodes  it  is  generally  observed 
that  the  over-all  open  circuit  voltage  for  the  Ho/C^  cell  in  snl- 
foiric  acid  solution  is  only  about  0.82  -  0.84  volts  whereas  for 
the  saiM  electrodes  in  an  alkaline  solution,  the  open  circuit 
voltage  is  about  1.10  V  or  above.  It  may  be  stated  as  a  general 
obseirvation  from  studies  at  the  General  Electric  Company  that  for 
platinum  black  electrodes,  the  cell  voltage  with  an  ion-exchange 
mn^rane  cell  (pH  >■  3.3)  is  about  I.07  V$  with  liquid  acidic 
electi^yte,  about  1.02  V,  and  with  liquid  alkaline  electrolyte 
about  1.10  V.  With  palladium  black  for  the  oxygen  electrode  in 
the  ion-exchange  membrane  cells  3 >5)  the  open  circuit  voltage 
is  about  0.97  V,  whereas  for  the  same  electrode  in  alkaline 
solution,  the  open  circuit  voltage  is  about  1.10  V. 

Rather  extensive  data  for  the  pH  effect  have  been  obtained 
by  Smale  (21)  and  representative  values  were  reported  in  the 
Progress  Report  No.  17 .  His  results  show  that  the  potential 
of  the  oxygen  electrode  becomes  less  positive  as  the  {dl  increases, 
but  not  in  accordance  with  the  Nernst  equation. 

(e)  Effect  of  Stirring  and  agitation: 

The  effect  is  obseirved  with  practically  all  liquid  elec¬ 
trolytes,  though  the  effect  is  apparently  more  pronounced  with 
liquid  acid  electrolytes.  Bain's  data  (22)  suamuirized  in  the 
preceding  progress  report  are  the  most  extensive  though  no 
general  trend  is  as  yet  discernible.  No  satisfactory  inter¬ 
pretation  is  given  for  this  "motor  Electrolytic  potential." 

(f)  Effect  of  Foreign  lonss- 

Foreign  ions  such  as  chloride,  bromide  and  iodide  ions 
appear  to  be  preferentially  adsorbed  and  thus  lower  the  observed 
O.C.V.  The  work  was  carried  in  connection  with  another  project 
aimed  at  studying  the  effect  of  various  poisons  (from  solutions). 
This  effect  is  more  pronounced  on  the  oxygen  electrode  as  compared 
to  hydrogen  electrode.  The  "sorption"  is  essentially  reversible 
in  the  sense  that  ky  prolonged  treatment  with  distilled  water, 
the  original  polarization  characteristics  are  substantially 
restored. 

Similar  lowering  of  the  O.C.V.  of  the  oxygen  electrode  has 
been  reported  by  Smale  (21).  Mond  and  Langer  (22)  also  reported 
a  similar  effect  of  chloride  ion.  Implications  in  using  chloro- 
platinic  acid  or  chloride  containing  electrolytes  are  obvious. 

(g)  Effect  of  pre-electrolysis  of  station: 

Bockrls  and  co-workers  (23)  are  the  only  ones  using  this 
technique  which  reportedly  gives  "ultra  pure"  solutions. 


In  general  they  observed  that  cathodic  pre-electrolysis  alone 
gives  only  about  0.84V  idiereas  prolonged  anodic  pre-electrolysis 
after  cathodic  pre-electrolysis  gives  higher  open  circuit 
voltages  of  about  1.24V.  A  different  and  perhaps  more  satisfactory 
interpretation  of  these  effects  is  suggested  later. 

(h)  Kffect  of  electrode  geometry  and  cell  design  parameters. 

These  variables  are  apparently  neglected  by  the  majority 
of  workers  though  Barnartt  (24)  has  initiated  an  extensive  stu^ 
of  these  parameters  and  has  reported  the  effect  of  geometry, 
tnen-unlform  current  distribution,  capillary  shielding  and  IR 
drop  corrections  among  other  factors.  Additional  parameters 
which  have  not  been  apparently  investigated  include  the  method 
of  separating  the  anolyte  and  the  catholyte,  the  relative  sizes 
and  shapes  of  the  counter  electrodes,  the  nature  of  the  elec- 
+jrolyte  and  the  effect  of  current-interruption. 

(j)  Effect  of  high  frequency  a.c.  and  other  variables. 

No  systematic  investigation  of  the  effect  of  high  frequency 
a.c.  on  the  oxygen  electrode  potential  has  been  carried  out, 
though  it  is  generally  known  that  a.c.  reduces  the  polarization. 
Mantell  (25)  who  has  discussed  this  effect  in  detail  concludes 
that  "since  the  exact  cause  of  overvoltage  is  not  well  under¬ 
stood  and  since  methods  of  properly  measuring  it  are  in  some 
respects  doubtful,  it  is  obvious  that  it  would  be  difficult 
to  make  similar  measurements  with  combined  a.c.  and  d.c.  Some 
literature  has  reported  negative  overvoltages  under  such  cir¬ 
cumstances,  which  at  once  open  the  question  as  to  the  suit¬ 
ability  of  the  method  employed."  This  also  raises  the  question 
of  the  validity  of  various  a.c.  methods  of  current  interruption 
used  in  measuring  the  ohmic  polarization.  One  earlier  obser¬ 
vation  by  Bennewitz  (26)  to  the  effect  that  ^en  the  anode  of 
an  electrolytic  cell  is  connected  with  the  antenna  of  a  Hertzian 
oscillator,  the  arrest  in  the  current  voltage  curve  occurs  just 
above  1.23  volts,  that  is,  just  above  the  theoretical  reversible 
potential  is  very  interesting  and  significant. 

Other  factors  such  as  water-repellant  treatment  of  the 
electrode  also  seem  to  affect  the  open-circuit  voltage  behavior. 
Thus,  treatment  with  certain  organic  hydropholic  materials 
apparently  increase  the  open-circuit  voltage. 

Because  of  the  complexity  and  interdependence  of  these 
variables,  progress  in  our  understanding  of  the  oxygen  elec¬ 
trode  on  open  circuit  and  in  the  non-linear  region  of  the 
polarization  behavior  has  been  rather  limited. 

4.0  Open  Circuit  Voltages  Greater  Than  the  Theoretical  Values: 

a.  At  Ambient  Temperatures: 

Table  10  gives  a  summary  of  these  observations  by  different 
investigators. 
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This  apparsntly  anomalous  offset  has  not  boon  troatod  or  aontlonod 
In  roeont  publications*  Tho  most  laportant  Tarlablo  In  this 
eonnootlon  Is  tho  pH  dlfforoneo  at  tho  anodo  and  tho  oathedo 
as  dlsoussod  prorlousljr* 

b.  At  High  Tonporaturo  With  Holton  Bloetrolytosi 

Tablo  11  glTos  tho  oxporlmontal  valuos  of  tho  O.C.V.  of 
Hp/O  fuol  colls  at  high  toiq)oraturos  togothsr  with  tho  thor- 
modynamlc  valuos  at  thoso  tosqporaturss.  Tho  poroxldo  nschanlsn 
at  thoso  high  toqporaturoB  Is  not  llkoly  to  bo  Involvod*  Nornst 
oquatlon  apparontly  cannot  explain  those  results  satisfactorily. 

Mlsoollaneous  Observations 

Some  miscellaneous  experimental  results  and  observations  obtained 
during  this  work  are  summarized  In  Appendix  C. 
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SUMMARY  OF  OBSERVED  OPEN  CIRCUIT 
OXYGEN  ELECTRODE  POTENTIALS  HIGHER 
THAN  THE  THERMODYNAMICALLY  CALCULATED 
VALUES  AT  HIGH  TEMPERATURES 

TABLE  11 


HIGH  TEMPERATURE ;  FUSED  ELECTROLYTE  -  Lj-Na-K 
CARBONATES;  H2 /air  FUEL  CELLS 


FROMlFUEL  CELLS',  6.  J.  YOUNG,  EDITOR',  ACS  SYMPOSIUM,  I960 


CATHODE  O.C.V.  O.C.V. 

MATERIAL  ^  EXPT  APPROX. 


AUTHORS 


CHAMBERS  SILVERIZED  600  1.3 

B  Z  N  0  585  1.3 

TANTRAM  640  1.27 


BROERS 

a 

KETELAAR 


GORIN 

a 

RECHT 


DOUGLAS 


665  1.24 


AG 

AG 

Li-NiO 


AG 

AG 

AG 

AU 

AU 


700 

750 

TOO 


500 

550 

660 

550 

600 


1.21 

1.25 

1.23 


1.21 

1.25 

1.31 

1.23 

1.23 


1.032 

1.035 

1.03 


1.03 


1 .025 

1.02 

1.025 


1.04 

1.035 

1.032 

1.04 

1.032 
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5*0  Diaouiaion  of  Itomltai 

It  Is  shown  in  Appendix  A  that  a  plot  of  Toltage  ▼£  log  ourrent 
density  for  the  oxygen  electrode  or  for  H^/O,  fuel  cells  does  not 
follow  the  so-called  Tafel  relationship*  ^It^ls  also  clear  fron 
the  polarisation  plots  (with  and  without  IR  corrections)  re 
ported  In  this  and  the  preceding  reports  that  the  entire 
polarisation  curve  consists  of  two  distinct  sections  (a)  an 
Initial  snail  section  Involving  a  rapid  drop  ^  the  enf  at 
very  low  current  densities  (usually ^10  ma/cnr)  (b)  a  linear 
portion  extending  to  fairly  high  current  densities.  In  sons 
of  the  latest  experlnsnts  with  llguld  electrolytes t  the  linear 
portion  extends  to  over  700  na/cir.  On  the  basis  of  the  ex- 
perlnsntsl  facts  reported  here.  It  Is  assunsd  that  these  linear 
and  non-linear  poz^lons  of  the  polarisation  curves  represent 
different  meohanlsns.  Therefore,  these  two  sections  treated 
separately.  Since  the  linear  section  Is  of  prloary  laportance 
for  the  fuel  cell  perfomance,  and  since  It  Is  fairly  well- 
characterised,  It  Is  treated  first.  Only  the  sunmary  Is  given 
here.  Details  are  given  In  Progress  Report  No.  17. 

A  Tentative  Interpretation  of  Linear  Polarisation  Plots: 

Assumption;  The  only  assuiqitlon  made  here  Is  that  the  ex-.^ 
trapoiation  of  the  linear  portion  to  sero  current  density  is  valid. 
At  presunv.  no  theoretical  justification  for  this  empirical 
assumption  is  available,  although  considerable  e^qperlmental 
justification  Is  apparent  from  the  fairly  comprehensive  eoqperl- 
mental  data  presented.  Such  an  extrapolation  Is  not  uncommon 
In  other  electrochemical  systems,  particularly  In  polarographlc 
Investigations  where  similar  extrapolation  of  the  linear  section 
of  the  polarisation  plot  to  sero  current  density  Is  well  established 
and  Is  characteristic  of  the  redox  couple  under  consideration. 

It  will  be  shown  below  that  such  an  extrapolation  In  the  present 
case  is  very  instructive. 
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6.0  toarlj—ntal  ObaTvatloini 


A  careful  examination  of  the  linear  polarization  plots 
gl^en  here  leads  to  the  follovlng  la^ortant  observations t 

(1)  Practically  all  the  polarisation  loss  or  voltage  drop 
occurs  at  or  near  the  open  circuit  conditions •  particularly 
with  platinum  black  catalysts. 

(2)  The  extrapolated  value  of  the  emf  Is  appiroxlmately  0.93 
*  0.02  volts.  That  Is,  the  extrapolated  value  of  the  polari¬ 
zation  loss  Is  nearly  constant  and  approximately  0.3  volts. 

(3)  The  extrapolated  value  of  the  emf  Is  nearly  Independent 

of  (a)  pH  (b)  cell  tem>erature  up  to  about  200°C  and  gas  pressures 
(c)  Physical  nature  of  the  electrolyte,  that  Is,  whether  -^e 
electrolyte  Is  liquid,  solid  lon-cxchange  membrane  type,  held 
In  an  Inert  matrix  or  Is  In  form  of  a  paste,  (d)  different 
eleetrodle  structures  and  cell  designs  repoi*ted  here. 

(4)  The  extrapolated  value  of  the  emf  of  these  cells  Is  appar¬ 
ently  little  affected  by  the  chemical  nature  of  the  catalyst 
material.  This,  however,  may  not  be  true  for  all  catalysts 
under  all  e:qperlmental  conditions. 

(5)  Different  catalysts  do  change  the  slope  of  the  linear 
sections.  With  platinum  black  electrodes,  the  slops  after  IR 
correction  Is  negligible  as  shown  by  nearly  constant  DUfree 
emf  over  a  wide  range  of  current  density.  With  other  catalysts, 
such  as  Pd,  Nl,  Ag  etc.  the  IR  free  polarization  plots  have  a 
finite  slope.  With  these  catalysts,  an  increase  In  tenperature 
apparently  reduces  the  slope  to  a  smaller  or  greater  extent 
depending  on  the  physico-chemical  properties  of  the  catalyst 
and  the  operational  parameters. 

On  the  basis  of  the  above  experimental  observations,  the 
following  tentative  conclusions  can  be  made: 

(1)  The  extrapolated  value  of  the  emf  (l.e.  approximately  0.93V) 
appears  to  be  nearly  independent  of  the  usual  rate  parameters 
such  as  the  catalyst  material,  pH  of  the  bulk  electrolyte, 
temperature  of  operation  and  other  operational  parameter. 

(2)  The  polarization  loss  of  approximately  0.3V  appears  to  be 
a  specific  property  of  the  fuel  cells  or  electrochemical  cells 
involving  and  O2. 
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It  would  follow  from  th«  abort  that  tho  naarljr  constant 
polarization  of  0.3V  majr  not  be  associated  with  the  conrentlonal 
activation  polarisation  or  slow  (rate  limiting)  steps  and  that 
no  catalyst  Is  likely  to  be  found  which  would  raise  the  IR  free, 
nearly  horizontal  line  from  0.93V  to  approximately  1.23V.  In 
other  words,  platinum  black  appears  to  be  the  best  catalyst  as 
Judged  by  essentially  zeiro  slope  of  the  line. 

The  above  observations  and  tentative  conclusions  also 
suggest  that  an  energetic  or  thermodynamic  approach  or  analysis 
of  the  various  processes  Involved  might  reveal  the  major  cause 
of  the  Irroverslblllty  or  polarization  loss  associated  with  the 
overall  reaction  (l)  carried  out  electrochemleally. 

A  summary  of  the  energetic  and  themodynamle  aspects  dis¬ 
cussed  In  detail  In  Report  No.  17  Is  given  below. 

7*0  rundamental  Thermodynamic  Facts: 

Prom  the  first  law,  the  second  law  and  the  definition  of  the 
Qlbbs  free  energy  function  (QbH-TS),  It  was  shown  that  the  max- 
liBum  useful  work,  -V^,  obtainable  from  a  chemical  change  earx*led 
out  at  constant  temperature  and  pressure  Is  given  byt 

-W„  *  (AQ-T^.S)  >  AH-(T4S)  -T4.S 

idiereA.S  maybe  defined  as  Clausius'  uncompensated  entropy  change 
due  to  irreversibility  and  other  terms  have  the  usual  signifi¬ 
cance  (27).  For  an  Irreversible  process,  hence  -Uq 

Is  always  less  than  40.  Note  that  40  and  AH  being  point  functions 
are  Independent  of  the  path,  whereas  and  TA.S  are  dependent 
on  the  particular  path  or  laanner  In  which  the  change  is  carried  0|it. 
Thus  for  Instance,  If  H2  Is  burned  In  an  open  container,  all  the 
free  energy  change,  40,  is  dissipated  as  TAiS  and  the  useful 
work  Is  zero.  The  particular  path  under  consideration  here  Is 
the  electrochemical  path  since  In  order  to  convert  the  avail¬ 
able  free  energy  of  the  overall  reaction  (l)  Into  useful 
electrical  energy.  It  is  necessary  to  carry-out  the  reaction 
(1)  electrochemleally  In  a  galvanic  cell  consisting  of  two 
separate  electrodes  connected  Internally  by  an  electrolyte. 

All  the  energetic  considerations  discussed  here  are  with  re¬ 
ference  to  this  electrochemical  path  only.  The  problem  Is 
to  determine  the  magnitude  of  T4^S  and  to  ascertain  Its  possible 
cause  for  the  fuel  cell  systems  involving  H2  and  O2. 

8.0  Fundamental  Rleetrochemical  Facts > 

1.  Electrochemical  process  at  the  anode  always  involves  oxidation, 
that  Is,  transfer  of  electrons  through  the  extei*nal  circuit 
to  the  other  electrode  whereas  the  eleetroohemlcal  process 
at  the  cathode  always  Involves  reduction,  that  Is,  combina¬ 
tion  with  electrons. 
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Th«refor«,  In  •fftet,  an  anode  produces  an  aeld  and  a 
cathode  produces  a  base  (or  utilizes  an  acid)  whenever 
a  finite  faradaio  current  Is  drawn  from  the  cell. 

2.  Froa  the  faradaio  efflolenojr  aaqperlasnts  reported  tagr  different 
Investigators*  and  discussed  In  the  next  seotloof  It  Is 
shown  that  lour  faradagrs  are  obtained  per  able  of  0^  oonsuaed. 
Further*  literature  evidence  Is  presented  showing  that  at 
catalytic  electrodes*  any  peroxide*  If  at  all  fomed* 
probably  deooaposes  rapidly  and  oleetroobeaioally.  These 
facts  In  essenoe  aean  that  ojqrgon  Is  substantially  ooiqpletely 
reduced  to  OH'  Ions  at  the  cathode. 

la  view  of  all  the  available  experlaental  results*  It  Is 
postulated  that  froa  an  ensrxetio  or  ensrcr  oonverslon 
point  of  view,  the  effective  or  net  anodic  and  oathodie 
reaotlons  in  weak  as  well  as  strongly  aoldlo*  strongly 
alkaline  and  neutral  media*  are  probably  as  foUowss 

Anodic  reaction:  Hg  ■  2H‘*‘(aq)+  2a 

Cathodic  reaction:  +  2e  +  H2O  -  20H-  (aq) 

The  overall  electrochemical  reaction  between  H.  and  0,  Is 
therefore  postulated  as:  z  z 

H  +  iO  ■  211+  +  20H“ 

^  ^  (at  the  anode)  (at  the  cathode) 

It  may  be  noted  that  energetically  this  overall  electro- 
ohemioal  ^aotlon  Is  quite  different  from  the  gross  re- 
aotlon  (1)  which  assumes  or  Implies  the  formation  of 
undlssoolated  water  molecule  as  the  overall  eleotroohemloal 
prooess*  without  Introducing  any  pH  changes  at  each  eleotrode. 
It  Is  suggested  that  for  a  given  system*  any  scheme  of  de¬ 
tailed  reaction  mechanism  at  each  electrode  must  be 
energetically  equivalent  to  the  above  net  reaotlons*  because 
any  scheme  will  Involve  changes  In  the  oxidation  states 
of  the  reacting  species  thus  creating  a  concentration  or 
pH  gradient  at  each  electrode  and  slnoe  the  amount  of 
dissipated  energy  TA^S  remains  nearly  constant  regard¬ 
less  of  the  detailed  mechanism. 

3.  Since  the  electrical  neutrality  of  the  system  components 
must  be  maintained  at  all  times*  the  anodic  half-cell 
reaction  cannot  occur  unless  a  slmaltaneous  cathodic 
half-cell  reaction  also  occurs  at  the  other  electrode. 

4.  Regardless  of  the  detailed  mechanism  of  the  Ionic  current 
transport  through  the  electrolyte*  It  Is  well  known  that 
the  cations  migrate  to  the  cathode  and  the  anions  migrate 
to  the  anode. 
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In  i/fw;  ( c)i  f{  /c^  I  a .  i.  coils  involving  neutralf  acidic 
or  alkaline  nieoti-olyLca  (including  ion-exchange  membranes) 
and  in  the  absence  of  any  added  Inert  electrolyte!  H'^(aq) 
and/or  OH"(aq)  will  be  involved  in  the  transport  of  ionic 
current,  through  the  electrolyte.  There  is  considerable 
energy  involved  in  the  creation  of  pH  gradients  associated 
%rith  the  electrode  reactions  and  this  must  be  dissipated 
during  or  following  the  electrochemical  step,  perhaps  during 
the  ionic  transport  processes. 

The  thesis  or  view  advanced  here  is  therefore  that  pH  gradients 
are  inevitable  during  a  current  flow  in  any  electrochemical  cell 
involving  H^  and  O2  thus  making  it  practically  impossible  to 
maintain  both  the  anode  and  the  cathode  at  the  same  pH.  Therefore 
the  value  of  1.23V  is  practically  unattainable.  This  ionic  con¬ 
centration  polarization  in  the  immediate  vicinity  of  each  electrode 
is  considered  to  be  the  primary  cause  of  the  irreversibility  or 
polarization  under  consideration.  The  free  energy  associated  with 
this  pH  gradient  is  believed  to  be  dissipated  as  heat  or  T^j^S 
during  the  ionic  transport  which  tends  to  equalize  the  pH  of  the 
bulk  electrolyte.  Under  the  conditions  represented  by  the  IR 
free,  linear  portion  of  the  polarization  plots,  particularly 
with  platinum  black  electrodes,  the  pH  in  the  immediate  vicinity 
of  each  electrode  apparently  assumes  a  saturation  value  resulting 
in  a  nearly  constant  polarization  of  O.3  volts.  Assuming  that 
two  faradays  are  transferred  per  mole  of  hydrogen  gas  reacted, 
this  polarization  is  equivalent  to  approximately  14  Kcal  of 
free  energy  dissipated  into  TZkj^S  or  irreversible  heat.  Perhaps 
an  alternate  and  more  instructive  approach  may  be  to  consider 
the  energetics  of  the  neutralization  reaction: 

H'*'(aq)  +  0H“(aq)  =»  H2O 

The  free  energy  change, AG,  for  this  reaction  is  given  by 
AG  RTlnQ  =  -RTlnK+RTlnQ 

where  Q  is  a  constant  having  the  same  form  as  the  thermodynaml'^ 
equilibrium  constant  K  but  in  which  the  activities  refer  to  the 
actual  values  of  the  reacting  species  under  experimental  condi¬ 
tions'  For  the  anodic  and  the  cathodic  processes  represented 
by  the  linear  polarization  plots «  the  values  of  the  activity 
of  H"*"  at  the  anode  and  of  Cffl"  at  the  cathode  cannot  be  determined 
separately  or  independently  and  therefore  AG  is  unknown.  It 
may  be  recalled  that  only  for  an  arbitrarily  defined,  hypothetical 
standard  state,  where  all  the  products  and  reactants  under  equi¬ 
librium  conditions  are  assumed  to  be  at  unit  activity,  -lii'lr  K 

since  Q  assumes  a  value  of  unity.  This  however  is  not  the  case 
under  the  conditions  of  a  fuel  cell  operation.  It  is  not  yet 
established  whether  the  numerical  identity  of  the  14  Kcal  calories 
as  the  "dissipated  free  energy"  with  the  so-called  "heat  of 

neutralization"  of  an  acid  by  a  base  is  an  interesting  but  irrel¬ 
evant  coincidence  or  whether  this  identity  has  any  fundamental 
significance. 


It  Is  spsenlatsd  that  the  so-oalled  "heat  of  neutralization"  In 
reality  night  not  be  AH  but  TA4S  that  Ist  Irrererslble  heat  of 
nixing  representing  the  dissipated  free  energyAO  (notAQ^) 
associated  with  the  Irreversible  neutralization  reaction.  At 
present I  however «  there  appears  no  unequivocal  experlnental 
nethod  to  prove  or  disprove  this  speculation.  In  any  case,  It 
Is  suggested  that  the  nixing  of  an  acid  with  a  base  or  neutral¬ 
isation  Is  a  nlorosooploally  Irreversible  process  and  as  such 
cannot  In  practice  be  carried  out  In  a  themodynanlcally  rever¬ 
sible  nanner.  The  eleotrochenlcal  conblnatlon  of  H-  and  0^,  In 
effect,  nust  Involve  such  an  Irrevarslbla  step.  view, 

however,  renalns  to  be  proved  conclusively.  An  Investigation 
of  the  pH  and  the  tenperature  profiles  as  well  as  the  location 
of  the  zone  where  the  product  water  Is  actually  fomed  In  cells 
with  varying  pH  of  the  bulk  electrolyte,  though  very  difficult, 
should  yield  very  valuable  Infomatlon  In  this  connection. 

The  thesis  concerning  the  primary  cause  of  Irreversibility 
advanced  here  would  predict  that  during  the  electrochemical 
decooqposltlon  of  water  to  generate  ^2  ^2*  shape  of  the 

IR-free  polarization  (l.e.  charging)  curve  should  be  similar 
to  the  IR-free  discharge  cuirve  and  that  the  IR-free  voltage 
required  for  the  generation  of  Ho  and  Oo  under  the  conditions 
corresponding  to  the  linear  section  of  the  polarization  (l.e. 
after  the  pH  saturation  at  the  electrodes)  must  be  approximately 
1.23'H).3  or  1.53  volts.  This  is  because  TA<S  Is  always  positive 
and  must  be  added  to  the  reversible  voltage  for  the  charing 
process.  This  14  Real  per  mole  of  H2  produced  may  be  considered 
as  the  energy  of  deailxlng  or  dissociation  of  H2O  Into  H^  at  the 
anode  and  0H~  at  the  cathode  which  In  effect  must  occur  before 
or  during  the  evolution  of  O2  at  the  anode  and  H2  at  the  cathode 
respectively.  A  literature  review  of  the  best  known  electrolytic 
cells  offers  some  limited  support  to  this  prediction  as  shown 
In  figure  I5.  This  prediction,  however,  must  be  confirmed  by 
more  extensive  experiments. 

The  relationship  between  the  various  forms  of  energy oundevvthe 
condition  discussed  above  Is  summarized  in  Table  12. 

It  was  suggested  In  the  preceding  progress  report  that  it 
might  be  possible  to  calculate  the  value  of  TAj^S  from  the  pub¬ 
lished  values  of  single  Ionic  entropies  of  migration  transport 
for  H^  (aq)  and  OH'Caq)  at  25°C;  and  the  value  for  TAj^H  was 
shown  to  be  approximately  14  leal.  Further  analysis  of  the 
problem  however  raises  some  uncertainty  concerning  the  appli¬ 
cability  of  the  literature  data  to  the  case  under  consideration 
and  also  concerning  the  assumptions  made;  namely,  that  2Hl'‘(aq) 
and  20H~(aq)  are  involved  in  the  transport  per  mole  of  H2  reacted. 
This  aspect  needs  further  examination. 
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If  the  abort  intarpratation  of  tha  Irrararslbilitjr  of  alaetro- 
ohaaloal  raaotiona  Inrolrlng  I2  ^2 

poaslblt  to  pradlet  tha  Magnltuda  of  polarlaatlon  lossas  aasooiatad 
with  H2  and  Cl,  ^2  ^  ^uantitj  for  tha 

Irrararalbla  i^ng  of  H+(aq7  and  Cl"(aq)  or  l^(aq)  and  Br'Caq) 
ia  probably  nagUcibla  eoaparad  to  that  for  H'*'  and  GH***  tharafoi^ 
tha  polarlaatlon  laas  aaaoolatad  alth  auoh  oalla  ooald  ba  nada 
ralatlraly  mall  or  nagllglbla.  Soaa  publlshad  data  show  this 
to  ba  tha  oasa. 

Ixparlnantal  rarlfloatlon  of  pH  aradlants 

Tha  following  axparlnants  and  obsarratlons  support  tha  oon- 
eluslon  that  It  Is  praotloally  Inposslbla  to  oarry  out  tha 
alactroehanloal  combination  of  H2  and  O2  to  font  watar  or  Its 
rararsa  without  craatlng  a  ,iH  changa  at  aaoh  alaotroda# 

1.  An  H2/0^  oall  was  sat  up  using  platlnlzad  platinum  alaotrodas 
and  a  nautral  solution  of  sodium  sulfata  contained  In  an  H  shaped 
glass  cell  whose  two  compartments  wars  separated  by  a  fritted 
glass  disc  (See  Figure  16).  After  a  small  ouirant  drain  tha 
anolyte  and  the  catholyta  were  tested  for  {dl  changa  by  (a) 

Phenol thanleln  Indicator  (b)  pH  measuraments.  Tha  anolyte  showed 
distinctly  acidic  pH  while  tha  catholyta  had  turned  alkaline. 

Tha  measured  pH  change  was  approximately  5*  Similar  obsarratlons 
with  acidic  alactrolyta  hare  bean  reported  by  Mond  and  Lange r 
(3^)  and  by  Patrlc  and  Wagner  (28)  among  others. 


2.  Haual  (20)  reported  tha  following  pH  changes  In  tha  anolyte 
and  tha  catholyta  for  H2/O2  fuel  cells  %ilth  platinized  carbon 
electrodes i 


Electrolyte 

Initial  jdl 

Final  pH 

Anolyte  Catholyte 

Total 
Amp.  Hrs 

DC  Acetic  Acid\ 

4.6 

4.6 

10 

0.16 

DC  Na-Aoetate  ? 
0.4IC  IJSOu 

DC  IiaHC03 

6.0 

2 

13 

0.375 

7.8 

8 

10 

0.041 

3.  The  manufacture  of  an  acid  and  a  base  by  electrolysis  of  tha 
nautral  salt  solution  at  Inert  electrodes  is  a  wall  known  process 
(29).  This  would  not  ba  possible  if  tha  electrolysis  ware  not 
accompanied  by  pH  gradients  at  each  alactroda. 

How  to  attain  "quasi-rararsible  amf”  of  H2/O2  calls  or  O2  alactrodaT 


From  the  abore  discussion  it  is  clear  that  starting  with  a 
homogeneous  electrolyte  of  a  given  pH,  it  is  not  likely  to  obtain 
a  reversible  enf  for  H2/O9  cells  or  O2  electrode.  However,  if 
each  electrode  is  well  buifered  at  a  suitable  pH  it  should  be 
possible  to  obtain  an  emf  equal  to  or  greater  than  the  value 
of  1.23  volts. 
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TImm  prtdiotiOM  war*  v«rifl«d  bgr  uaing  th«  H  typ*  o«ll  thoim 
in  figiir*  I6t  Th*  nlnotrolyt*  oontaotinf  thn  omm  •Inotred* 

WM  1<0  M  HaIOi^  and  th«  alaotrolyt*  oontaotiiig  tM  H*  tlaotroda 
naa  1*0  N  llaOi*  Th«  phyaioal  nixinf  of  tha  aeid  and*tha  baaa 
waa  virtually  pravantad  or  dalayad  by  tha  fina  frittad  glaaa 
diao.  Tha  opan  olroult  volt^  axhibitad  by  auoh  a  oall  waa 
ovar  1«64  v^ta.  Tha  opan  olroult  voltaga  of  tha  aoid/baaa  oall 
without  Ho  and  92  gaaaa  waa  allghtly  ovar  0.62  volta.  Bewavar 
Whan  tha  gaaaa  wara  ravaraad.  tha  opan  olroult  voltaga  waa  only 
about  0.4  volta  aa  would  ba  axpaotad.  Thaaa  ara  only  prallnlnary 
raaulta  though  thalr  aaaantlal  validity  waa  variflad  aavaral 
tlMf.  If  tha  axaot  oH  at  aaoh  alaptroda  oan  ba  oonputad  by  an 
indapandant  nathod,  It  nay  ba  poaalbla  to  varify  whathar  aaoh 
half  oall  raaotlon  at  Ita  buffarad  pH  prooaada  ravaraibly  or 
not.  Soaw  approxlaata  oaloulatlona  auggaat  that  aaoh  half  oall 
raaotlon  at  Ita  pH  probably  prooaada  In  a  naarly  ravaralbla  nannar. 


la  tha  natura  of  an  aold/baaa  oonoantration  oa^T 
aa  a  aour ja  of  ataady  anf  or  aiactrloal  ananyT 


fa* 


ainoa  tha  aold/baaa  oonoantration  gradlant  la  poatulatad  to  bo 
tha  prtjury  oauaa  of  Irravaralblllty,  it  la  partlnant  to  aak  tha 
abova  quaatlona  and  to  datanalna  whathar  tha  dlaoharga  of  an  aold- 
baaa  oonoantration  oall  (without  any  raaotlng  gaaaa)  Involvaa 
faradalo  ourrant  (l.a.  radox  raaotlon  at  aaoh  alaotroda)  or  non- 
faradalo  ourrant.  Bartholat  (30)  Invaatlgatad  auoh  oalla  and  ha 
advanoad  tha  taypothaala  that  thaaa  oalla  do  not  Involva  any 
oxidation  or  raduotlon,  that  tha  ohanloal  ohangaa  produoa  no 
ohanga  of  valanoo  and  no  llbaratlon  or  fomatlon  of  Iona  aooording 
to  Faraday "a  lawa«  and  tharafora  no  alaotroohaaloal  aotlon.  "If 
tha  only  ohanloal  ohanga  whloh  oooura  In  tha  oall  la  not  alaotro* 
ohanloal*  tha  anargy  of  that  ohanloal  ohanga  oannot  ba  a  aouroa 
of  alaotronotlva  foroa.”  Thla  Inportant  atatanant  waa  nada  by 
Raad  In  1904  (31).  It  would  ba  noat  Intaraatlng  and  Infermatlva 
if  tha  validity  or  otharwlaa  of  thla  atatanant  oan  ba  aatabllahad 
baycnd  doubt.  In  ordar  to  obtain  any  aignifloant  potantlal  for 
any  langth  of  tima  fron  tha  aoid/baaa  call,  tha  two  ooavartnanta 
(anolyta  and  oatholyta)  nuat  ba  aaparatad  by  a  vary  high  Inpadanoa  agar 
brldga  or  frit  alnea  otharwlaa  fraa  mixing  will  ooour.  Evan  than 
tha  potantlal,  aftar  raaohing  a  maxlmun,  oontlnuoualy  dropa  with 
tlna.  For  tha  aana  raaaon,  only  axtramaly  anall  tranalant  ourranta 
oould  ba  drawn  from  auoh  a  oall  and  tha  oall  potantlal  droppad  to 
a  nagllgible  value.  These  preliminary  obaervationa  would  auggaat 
that  acid/ base  cell  discharge  characteristics,  in  some  respects, 
resemble  a  capacitor  -  discharge  behavior.  The  fact  that  the 
potential  of  such  a  cell  and  its  stability  is  markedly  dependent 
on  the  area  and  the  activity  of  the  electrode  material  would 
appear  to  support  such  a  view.  Incidently,  the  polarity  of  the 
adid  side  in  such  a  cell  is  positive  and  that  of  the  base  side 
is  negative  whereas  in  Ho/Oo  fuel  cells,  electrode  is  negative 
and  0^  electrode  is  positive.  The  pH  gradient  accompanying  the 
Hp/Op  fuel  cell  reaction  must  therefore  set  up  the  back  emf  as 
required  by  the  law  of  mass  action. 
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So—  poylblt  catt8«8  and  Interpretation  of  th«  different  slopes  of 
lin—r  Poxartaatlon  piot«  with  different  catalysts. 

It  has  been  definitely  established  that  platlnun  black  Is 
the  best  known  catalyst  for  the  oxygen  elective.  The  platinum 
black  supplied  by  the  Englehard  Industries  Inc.  appears  to  be  the 
most  active  black  as  coi^ared  to  the  same  weight  of  Bishop's 
Platinum  black  or  electroohemlcally  deposited  platinum  blackv 
Different  — thods  of  reducing  the  chloroplatlnlc  acid  to  platinum 
black  also  give  catalyst  with  different  slopes.  The  most  obvious 
cause  for  this  would  appear  to  be  the  particle  site  and  differences 
In  the  real  area  for  a  given  weight  or  for  a  given  geo— trie  area. 
Since  the  current  density  used  Is  based  on  apparent  or  geo— trie 
area.  It  does  not  provide  a  satisfactory  basis  for  comparison. 

Another  possible  cause  for  the  different  slopes  Is  the 
differences  In  the  chemisorption  properties  of  O2  on  different 
materials.  Thus  for  Instance,  porous  carbon.  In  spite  of  a 
large  specific  area  must  have  relatively  poor  chemisorption 
properties  for  O2  since,  by  Itself,  uncatalysed  carbon  Is  the 
poorest  electx*ode  — terlal  for  ojgrgsn  electrode.  This  aspect 
of  chemlsoirptlon  Is  Inherently  related  to  the  catalytic  activity 
of  the  various  materials.  Detailed  — chanlsm  of  the  functioning 
of  the  catalyst  In  presence  of  various  electrolytes  Is  not  yet 
established  and  therefore  will  not  be  discussed  any  further. 

For  porous  gas  diffusion  type  of  electrodes,  pore  structure 
and  size  Is  also  Important  since  with  such  electrodes  performance 
on  air  Is  poorer  than  the  performance  on  pure  oxygen.  Oxygen 
from  air  Is  apparently  unable  to  reach  all  the  available  active 
sites  and  the  effective  three-phase  reaction  zone  Is  correspond¬ 
ingly  reduced. 

Because  of  the  complexity  and  Interdependence  of  all  the 
above  para— ters,  a  simple  or  definite  Interpretation  Is  not 
possible  at  this  time.  Probably  each  catalyst  system  for  a 
given  electrolyte  will  have  to  be  treated  separately  for  an 
Interpretation  of  IR-free  linear  plots  having  slopes  substanti¬ 
ally  greater  than  zero. 


-62- 


Discussion  of  Results  on  Open-circuit  and  in  the  Non-linear  Region. 

.#,0  A  Brief  Review  of  the  Theories  of  the  Oxygen  Eleotrods 
Irreversibility 

Since  a  critical  review  of  the  various  theories  on  the 
subject  has  already  been  presented  in  the  Progress  Report  No. 

17 f  only  a  brief  summary  of  these,  with  emphasis  on  some  of 
their  limitations  will  be  given  here.  These  theories  may  be 
classified  as  (l)  the  oxide  theoiy  (2)  the  peroxide  theory  (3) 
the  mixed  potential  theory  involving  impurity  effects  (4)  the 
theories  involving  irreversible  heats  of  chemisorption. 

1.  The  oxide  theory:  Around  1910,  this  theory  was  widely 
accepted  as  the  most  probable  major  factor  responsible  for 
the  irreversibility  of  the  oxygen  electrode.  The  theory 
assumes  that  the  so-called  oxygen  electrode  potential  is 
determined  primarily  by  the  couples  involving  the  metal  and 
its  oxides  (32).  The  metal  most  widely  used  was  platinum.  No 
direct  proof  of  the  theory  was,  however,  available  and  it  was 
necessary  to  postulate  the  existence  of  several  unstable  or 
unknown  oxides  and  hydrates  of  Platinum  in  the  higher  oxidation 
states  in  order  to  interpret  the  potentials  higher  than  about 
0.93  volts  (32).  In  1933,  Hoar  (33)  modified  the  above  view 
and  suggested  that  the  low  open-circuit  voltage  of  the  oxygen 
electrode  is  not  so  much  due  to  the  oxides  but  due  to  the  per¬ 
meability  of  the  surface  oxide  film  to  the  electrolyte.  This, 
in  Hoar's  view,  gives  rise  to  "self-polarization."  Accordingly, 
a  perfectly  impermeable  oxide  film  should  give  the  reversible 
oxygen  electrode  potential,  whereas  a  very  porous  film  should 
give  the  lower  metal -metaloxide  potential.  This  conclusion, 
however,  is  contrary  to  the  experimental  fact  that  the  platinum 
black  (chemically  or  electrochemically  reduced  from  platinum 
salts)  gives  the  highest,  most  reproducible  and  most  stable 
potential  for  the  oxygen  electrode  as  compared  to  the  bright, 
oxidized  or  gray  platinum.  Hoar's  view  was  also  criticized 
by  Bain  (22)  and  later  by  Bockris  and  Hug  (23)  primarily  be¬ 
cause  of  its  implication  that  the  theoretical  oxygen  electrode 
potential  could  never  be  attained  under  actual  experimental 
conditions.  This  is  contrary  to  the  experimental  observations 
of  several  investigators  as  reported  in  Table  10.  Some  of  the 
other  serious  objections  and  limitations  to  the  oxide  theory  in 
general  are  summarized  below.  (See  note  at  top  of  Page  66). 

(a)  In  alkaline  systems,  different  electrodes  such  as  platinum 
black,  palladium  black,  nickel,  silver  and  other  materials  like 
activated  carbon  (which  does  not  form  a  stoichiometric,  discrete, 
three  dimensional  oxide)  give  approximately  the  same  (viz  1.12 
volt)  open  circuit  /oltage.  It  is  highly  unlikely  that  different 
metals  and  carbons  would  give  stable  oxides  with  the  same  potential. 
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(b)  It  is  experimentally  observed  that  the  oxygen  electrode 
potential  is  dependent  both  on  the  electrolyte  pH  as  well  as  on 
the  partial  pressuire  of  oxygen  (though  not  in  conformity  with 
the  thermodynamic  predictions).  It  is  difficult  to  explain 
this  dependence  on  the  basis  of  the  oxide  theory  without  attrib¬ 
uting  a  certain  amount  of  electromotive  activity  to  the  oxygen 
itself. 

(o)  The  so-called  theoretical  or  thermodynamic  values  of  the 
"standard  potentials"  of  the  metal-metal  oxide  couples  of  noble 
metals  do  not  appear  to  be  experimentally  measui^d  values  but 
are  only  approximate  values  calciilated  on  the  basis  of  several 
as  yet  unverified  assumptions.  Thus»  for  instance »  the  exact 
natui*e  and  stoichiometry  of  the  various  chemical  and/or  elec¬ 
trochemical  reactions  or  intermediates  are  not  established  and 
secondly  their  actual  activities  are  unknown.  Apparently  it 
would  be  extremely  difficult  to  calculate  with  any  degree  of 
accuracy  the  thermodynamic  values  of  the  potential  associated 
with  the  different  oxides.  Also,  if  the  equilibria  such  as 
Pt++  +  2e^^Pt  are  involved  it  would  be  apparently  incorrect 
to  apply  the  Nernst  equation  since  the  concentration  of  Pt"*^ 
ions  in  absence  of  any  externally  added  platinum  salts  would 
be  negligibly  small  and  far  below  the  limits  of  analytical 
detection.  Secondly,  the  Nernst  equation  applied  to  the  Pt 
Pt  couple  would  give  ^ower  (less  noble  or  more  anodic)  potentials 
as  the  activity  of  Pt  goes  down  to  negligible  values  whereas 
the  experimental  values  are  higher  than  the  reported  standard 
oxidation  potential  for  platinum  of  approximately  0.93V.  Thirdly, 
any  assimilation  involving  oxidation  states  of  platinum  higher 
than  Pt  would  be  difficult  to  establish  for  conditions  under 
consideration  here  since  the  stability  should  rapidly  decrease 
with  higher  oxidation  states  (valence)  of  platinum  as  pointed 
out  by  Richards  (19) • 

(d)  Several  attempts  to  identify  the  nature  and  stoichiometry 
of  the  superficial  metal-oxygen  complex  (often  loosely  and 
perhaps  incorrectly  described  as  oxides)  have  been  reported 
in  the  literature,  particularly  in  connection  with  the  electro¬ 
chemical  passivity  of  metals.  Two  principal  views  exist  on  this 
subject.  One  view  supported  by  Uhlig  (35) i  Kolotyrkin  (36), 

Giner  (37)i  Hackerman  and  Popat  (38),  among  others,  attributes 
the  electrochemical  passivity  to  a  chemisorbed  layer  of  oxygen 
to  the  extent  of  approximately  a  monolayer  or  less.  The  other 
view,  supported  by  Evans  (39),  Bonhoeffer  (40),  Vetter  (41) 
and  other  German  investigators  is  that  the  electrochemical 
passivity  accompanying  the  anodic  evolution  of  oxygen  (instead 
of  metal  dissolution)  is  caused  by  a  discrete,  three-dimensional, 
stoichiometric  oxide  film  on  the  passive  metal  (including  platinum). 
For  the  anodic  evolution  reaction  on  platinum,  Kolotyrkin  (36) 
maintains  that  in  the  case  of  platinum  the  absence  of  oxide  layers 
on  the  surface  of  the  metal  in  the  investigated  region  of  polar¬ 
ization  "is  a  firmly  established  fact." 


On  the  other  hend»  Ungane  (<*2)  among  others*  claims  that  the 
formation  of  discrete  oxide  film  on  platinum  and  gold  during 
anodic  polarization  "Is  nov  an  established  fact."  Laltlnen  and 
Inke  (43)  reported  approximately-  one  atomic  layer  of  oxygen 
during  the  ooQrg^n  erolutlon  on  platinum  and  suggested  that 
although  the  formation  of  the  oxide  Is  energetically  faxorable 
at  potentials  lower  than  that  required  for  oxygen  erolutlon* 
the  oxide  formation  reaction  Is  Immeasurably  slow. 

(e)  Concerning  the  metal-oxygen  interaction*  examination  of 
the  oxg^en  adsorbed  from  gas  phase  on  platinum  carried  out  by 
Chapman  and  Reynolds  (44)  shows  an  amount  less  than  that  suff¬ 
icient  to  give  a  complete  monolayer  of  Pt  0.  Armstirong* 
Hlmsworth  and  Butler  (45)  claim  that  there  exists  no  evidence 
for  the  presence  of  a  platinum  oxide  film  on  platinum.  Moeller 
(46)  states  that  platinum  shows  no  reaction  with  oxygen  at 
ordinary  temperatures.  Bamairtt  (24)  attempted  to  obtain  the 
x-ray  diffraction  patterns  of  the  anodlcally  formed  (visible) 
films  on  gold  but  did  not  observe  any  diffraction  lines. 

Similar  attempts  for  platinum  by  other  Investigators  have  all 
been  apparently  unsuccessful. 

(f)  Results  by  Cohen  et  al  (4?)  on  the  calorimetric  titration 
of  adsorbed  o^^gen  on  platinum  black  by  free  hydrogen  for  ob¬ 
taining  a  "clean"  repr^ucible  surface  show  absence  of  any 
bulk  oxide. 

(g)  During  the  fuel  cell  discharge  in  a  cell*  the 

net  reaction  at  the  UQrgen  electrode  Is  cathouc  reduction  of 
ojQrgen*  that  is*  addition  of  electrons  from  the  external  circuit. 
Under  these  conations  It  Is  difficult  to  see  how  the  metal 
atoms  can  lose  their  electrons  and  be  oxidized. 

(h)  No  difference  In  the  open  circuit  voltage  of  the  oxygen 
electrode  Is  observed  before  and  after  the  platinum  black  is 
treated  with  hydrogen  gas  or  after  treating  It  cathodlcally 
In  an  electrolytic  cell. 

(1)  Oxide  formation  would  appear  to  be  a  slow  process  whereas 
the  response  of  the  oxygen  electrode  to  the  variations  In  the 
load  resistance  over  a  wide  range  of  current  density  Is  rela¬ 
tively  fast. 

On  the  basis  of  the  various  lines  of  reasoning  and  experi¬ 
mental  evidences*  It  would  seen  that  bulk  oxide  formation  Is 
not  likely  to  be  responsible  for  the  polarization  loss  of  the 
oxygen  electrode  on  open  circuit  and  in  its  cathodic  reduction 
during  the  fuel  cell  discharge. 
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In  a  nor*  raoent  publication  (195^)  Hoar  (48)  has  apparently 
■odlflsd  or  changed  his  views  concerning  the  nechanlsa  of  the 
anedlo  evolution  of  oxygen  and  has  suggested  that  the  rate- 
llnltlng  step  does  not  Involve  electron-transfer  reaction*  In 
his  view  any  elective  surface  In  alkaline  solution  Is  covered 
with  a  strongly  adsorbed  layer  of  OH'*  and  that  the  rate-lialtlng 
step  Is  likely  to  be  OH  0H~;^=:^  (QH<— 0H)~  which  suggests  scae 
kind  of  Interaction  (as  yet  not  clearly  defined)  between  OH" 

Ions  and  OH  radicals*  The  view  that  probably  OH'lons  are  strongly 
adsorbed  on  the  oxygen  electrode  Is  sladlar  to  the  oonoluslon 
arrived  at  In  the  present  studies* 

The  peroadde  theory >  According  to  this  theory*  the  potential 
of  the  oxygen  electrode  on  ^>en  circuit  and  under  finite  current 
flow  Is  detendned  by  the  reduction  of  ojQrien  to  peroxide  which 
Involves  only  two  faradays  per  mole  of  O2  (see  equations  5  and  6) 
Instead  of  Its  complete  reduction  which  Involves  four  faradays 
per  mole  of  0^  (see  equations  3  end  4)*  The  theory  assumes  that 
the  peroxide  species  so  produced  Is  stable  or  else  Is  decomposed 
chemically  and  not  electrochemlcally  and  that  the  Nernst  equation 
Involving  four  electrons  per  mole  of  Is  therefore  not  applicable* 

The  assumption  that  ^2^2  ^  ^  ^  Intermediate  product 

In  the  cathodic  reduction  of^oxygen  on  many  electrodes  Is  not  new* 

In  1882  Traube  (49)  showed  that  the  presence  of  oxygen  at  several 
cathodes  caused  the  peroxide  formation  under  certain  conditions* 

This  and  subsequent  studies  esiphaslzed  the  fact  that  the  current 
efficiency  for  the  peroxide  formation  was  governed  primarily  by 
the  physical  nature  and  chemical  properties  of  the  electrode 
material*  that  Is*  on  the  catalytic  properties  of  the  electrode 
material. 

Prom  this  catalytic  point  of  view*  the  electrode  materials 
can  be  arbltraidly  divided  Into  two  groups:  (1)  Those  materials 
on  which  the  peroxide  Is  not  decoiq>osed  at  a  significant  rate 
and  which  can  therefore  be  used*  at  least  In  principle*  for  the 
cathodic  manufacture  of  H2O2*  Mercury*  graphite  and  certain 
uneatalysed  carbons  belong  to  this  group.  Mercury*  because  of 
Its  high  polarization  for  and  electrodes  and  because  of 
certain  toxic  or  undesirable  physical  and  chemical  propez*tles 
Is  practically  never  used  as  a  material  for  the  oxygen  electrode 
and  will  not  be  considered  here.  (2)  Those  materials  which  de¬ 
compose  the  peroxide  species  more  or  less  completely  depending 
on  the  surface  nature  and  the  catalytic  property  of  the  material. 
Platinum,  palladium*  silver  and  other  noble  metals  and  allqys 
as  well  as  transition  metals  like  nickel*  Iron*  and  cobalt  may 
be  Included  In  this  group.  For  highly  acidic  electrolytes  such 
as  6N  H2S0j^*  the  choice  of  electrode  material  Is  limited  to 
noble  metals  (or  special  alloys)  due  to  corrosion  problems. 
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Bran  mor«  l^>ortant  than  tha  chemical  nature  of  the  electrode 
material  (provided  It  Is  corrosion  resistant)  Is  the  sxirfaoe 
aotivltj  and  the  surface  areao  Thus,  for  Instance,  platinum 
black  is  one  of  the  best  knovn  catalysts  for  the  hydrogen 
peroxide  decomposition  and  is  also  the  best  known  electrode 
material  for  the  oxygen  electrode.  Biright  smooth  platinum 
on  the  other  hand  is  relatively  poor  material  for  the  peroxide 
decomposition  and  is  also  a  poor  material  for  the  oxygen  electrode, 

Curront  density,  electrolyte  pH  and  temperature  are  other 
important  factors  to  be  considered.  Also  it  must  be  noted  that 
hydrogen  peroxide  has  the  duel  ability  of  being  reduced  at  a 
cathode  and  of  being  oxidized  at  the  anode.  Thus  for  instance 
in  a  typical  study  (50)  hydrogen  peroxide  produced  at  the  cathode 
migrated  to  the  zinc  anode  and  depolarized  it,  causing  corrosion 
of  approximately  to  more  than  the  amount  of  zinc  dissolved 
by  the  current.  The  overall  cell  voltage  must  also  be  affected 
thereby. 

The  most  important  tests  for  the  peroxide  mechanism  would 
include  determination  of  (a)  whether  it  obeys  the  Nernst  equation 
under  the  g^ven  e3q>erimental  conditions  when  the  open  circuit 
(rest  potential)  is  approached  from  either  anodic  or  cathodic 
direction  (b)  whether  the  e3q>erimental  value  of  the  standard 
potential  thus  obtained  agrees  with  the  thermodynamic  value 
and  (c)  whether  the  peroxide  is  decomposed  chemically  or  eleotro> 
chemically. 

Carbons  t  In  19^3  V.  Q.  Berl  (51)  published  an  iq>ortant  paper 
concerning  the  behavior  of  the  oxygen  electrode  on  graphite 
(in  absence  of  any  catalysts)  in  alkaline  solutions  to  which 
known  quantities  of  hydrogen  peroxide  were  added.  He  showed 
that  uncatalysed  graphite  electrodes  in  alkaline  electrolytes 
and  in  the  presence  of  peroxide  species,  approximately  obey 
the  Nernst  equation  for  the  peroxide  mechanism  involving  two 
faradays  per  mole  of  0^  es  given  by  reaction  (6)  and  equation 
(E).  Berl  did  not  study  the  effect  of  weakly  alkaline,  neutral 
or  acidic  pH  or  the  effect  of  partial  pressure  of  oxygen.  Also 
he  did  not  apparently  investigate  the  open-circuit  behavior  of 
the  ojgrgen  electrode  with  or  without  the  peroxide  addition. 

For  the  standard  potential  for  the  oxygen-peroxide  couple  he 
obtained,  on  the  basis  of  his  ejqperimental  aata^a  value  of 
41.6  mv  as  compared  to  the  thermodynaiic  value  of  74.5  re¬ 
ported  hy  Latimer  (l).  Within  these  limitations  and  observa¬ 
tions,  Berl  interpreted  his  results  in  terms  of  the  peroxide 
mechanism.  Since  then,  however,  there  is  apparently  an  increas¬ 
ing  tendency  in  the  literature  to  attribute  the  irreversibility 
of  the  oxygen  electrode  at  almost  all  materials  (satalytleally 
active)  in  all  electrolytes  and  in  absence  of  added  peroxide 
to  the  peroxide  mechanism.  Thus,  for  instance  in  195^  Yeager 
and  co-workers  (52)  made  a  statement  (subsequently  modified) 
that  "many  vain  attempts  to  obtain  the  theoretical  value  for  the 
H2/O2  c*l^  in  aquous  media  were  based  on  the  ignorance  of  the  fact 
that  oxygen  is  first  reduced  to  peroxide." 


-67- 


Their  latest  rlev  (53)  howeTer;  describes  the  scope  and  the 
conditions  for  the  appllcabllltj  of  the  Neimst  equation  for 
peroxide  control  (equation  E)  aore  accurately^  "this  equation 
has  been  shown  to  be  followed  for  non-polarized  graphite  as 
well  as  porous  carbon  electrodes  containing  no  peroxide  deeoa- 
posing  catalysts  for  HO.”  concentrations  fro*  10“^  to  1  H,  0H~ 
concentrations  froa  10*“^  to  10  N  and  O2  pressures  froa  0.2  to 
35  ata."  It  is  iaplied  in  this  stateaent  that  the  Talidity 
or  applicability  of  the  peroxide  aechanisa  is  not  established 
for  electrodes  which  possess high  catalytic  actirity  for  the 
decoaq>osition  of  the  peroxide  or  for  neutral  and  acidic  elec¬ 
trolytes  in  the  absence  of  added  peroxide. 


Oxygen  electrode  for  fuel  cells  alaost  always  has  the  property 
of  deooaposing  any  peroxide,  if  involved  aore  or  less  coaq>leteiy 
and  rapidly.  Hence,  the  above  aechanisa  aay  no  longer  be  i^pll- 
eable.  The  fundaaental  problea  concerning  the  validity  of  the 
Hemst  equation  when  the  effective  concentration  of  one  of  the 
reacting  species  is  negligibly  saall  ( ^  10~%()  has  already  been 
discussed.  Furthermore,  the  value  of  the  activity  coefficients 
and  the  effective  concentrations  of  the  relevant  ionic  species 
at  the  electrodes  are  generally  not  known.  In  spite  of  these 
difficulties  lordeseh  (5^),  for  instance  has  appaimntly  inter¬ 
preted  his  results  on  the  basis  of  the  peroxide  aechanisa.  He 
states,  "When  special  peroxide  decoaposing  catalysts  are  used, 
the  hydrogen  peroxide  concentration  is  reduced  beyond  the  sen¬ 
sitivity  of  analytical  tests  to  an  estiaated  value  of  10~'10 
aolar  ....  The  low  concentration  of  peroxide  corresponds  to  the 
open  circuit  potential  of  1.10  to  1.13  volts  against  the  hydrogen 
electrode  in  the  saae  electrolyte.  This  fact  changes  the  two 
electron  process  to  an  apparent  four  electron  aechanisa."  However, 
several  investigators  have  conclusively  shown  as  discussed  later, 
that  (1)  the  peroxide  decoaposition  in  electroeheaieal  cells  is 
an  electroeheaieal  process  (not  a  cheaical  one)  and  that  (2)  the 
ouirent  efficiency  for  the  oxygen  utilization  in  fuel  cells 
corresponds  to  four  faradays  per  aole  of  O2  consumed,  that  is 
100^  faradaic  efficiency  for  tne  complete  reduction  of  0^  to  QH~. 

Metallic  Electrodes  8  Repeated  attempts  several  investigators 
to  show  the  reversibility  of  the  oxygen/peroxide  couple  at 
metallic  electrodes  have  all  been  unsuccessful  because  of  the 
catalytic  decoaposition  of  the  peroxide  at  the  electrode  sur¬ 
face.  Veisz  and  Jaffe  (55)  attempted  to  verify  the  Berl  mechanism 
using  porous,  sintered  silver  and  nickel  electrodes.  With  the 
silver  electrode  in  5  aolal  NaOH  they  obtained  a  value  of  0.043 
volts  (instead  of  0.0295  volts)  for  the  change  in  voltage  corres¬ 
ponding  to  a  10  fold  change  in  the  peroxide  ion  concentration. 

With  the  nickel  electrode,  the  change  in  voltage  was  zero  for 
a  10  fold  change  in  the  peroxide  concentration. 
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W.nk«lnan  (56)  showed  that  cathodic  reduction  of  oxyfen  on 
platinum  was  electrochemical  In  nature  and  depended  on  the 
electiron-exohange  properties  of  the  platinum  electrode. 

Vlelstlch  (57)  slso  Investigated  the  cathodic  reduction  of 
oxgrgen  at  platinum,  nickel,  carbon,  silver  and  silver  oxide 
electrodes  and  suggested  that  the  overall  process  Involved  a 
four  faraday  transfer  per  mole  of  O2  reaot^.  Qerlscher  and 
Qerlsoher  (58)  showed  that  the  decomposition  of  peroxide  at 
platinum  anodes  In  acidic  as  well  as  alkaline  solution  was 
electrochemical  in  nature  and  was  Initiated  by  electron  transfer 
between  metal  and  H2O..  Similarly,  Hickllng^Wllson  (59)  studied 
the  anodic  decomposition  of  peroxide  at  various  electro^  mater* 
lals  and  showed  that  the  process  is  electrochemical.  The  current 
efficiency  In  alkaline,  neutral  and  acid  media  at  all  anode 
materials  (Pt,  Au,  Hi,  graphite  and  platinized  Pt)  was  100^ 
provided  the  current  density  was  not  too  .high. 


It  therefore  appears  definitely  established  that  the  de¬ 
composition  of  hydrogen  peroxide,  if  produced  as  an  intermediate. 
Is  electiroehemlcal  In  nature.  Barak,  Qllllbrand  and  Qray  (60) 
determined  the  current  efficiency  of  cnqrgen  utilization  with 
moulded  carbon  electrodes  containing  silver  oatalysts  in  KOH 
at  25°  and  60°C  and  obtained  four  faradays  per  mole  of  oxygen 
consumed  at  all  current  densities  studied  at  the  two  temperatures* 
Similarly  in  Sulfuric  Acid  solutions  with  carbon  electrodes 
containing  palladium  catalyst  on  platinum  screen,  four  faradays 
per  mole  of  O,  were  reported.  Just!  and  Wlnsel  (6l)  determined 
the  current  efficiency  for  their  DSK  electrodes  In  alkaline 
electrolyte  at  21.5,  ^2.9  and  60.5°C  and  in  all  cases  reported 
four  electron  efficiency  per  mole  of  O2  used.  These  results 
indicate  that  the  peroxide  mechanism  probably  plays  only  a  mlnox^ 
if  any  role  in  the  Irreversibility  of  the  oxygen  electrode  in 
fuel  cell  systems. 


Other  limitations  of  the  peroxide  theory  are  that  it  cannot 
explain  the  effect  of  various  non-thermodynamic  parameters  on 
open  ciircuit  voltage  of  the  oxygen  electrode  and  the  steady  state 
polarization  behavior  of  the  H2702cell  in  acidic  and  alkaline 
media  on  various  electrode  materials  (except  perhaps  carbon  In 
alkaline  media)  discussed  in  this  c(»nunlcation.  It  is  not 
implied  that  peroxide  may  not  be  an  intermediate  in  the  steady 
state  operation  of  an  oxygen  electrode  under  finite  current 
flow  conditions.  It  is  suggested,  however,  that  the  peroxide 
theory  does  not  satisfactorily  explain  the  polarization  behavior 
of  the  oxygen  electrode  on  open  circuit  or  at  significant  current 
densities. 


The  nixed  potential  theory 8 

This  theory  postulates  that  the  unattainability  of  the 
reversible  oxygen  electrode  in  "normally  purified"  solutions 
is  due  to  the  presence  of  trace  impurities  in  such  solutions. 
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The  Telocity  of  slaniltaneous  electrode  reaction  InrolTlng  these 
lapurltles  at  the  electrode  Is  assuned  to  be  moh  greater  than 
the  exchange  current  for  the  oxygen  erolutlon  reaction.  This 
view  was  proposed  by  Bookrls  and  Huq  (23)  In  an  attempt  to  ex¬ 
plain  the  effect  of  the  so-called  pre-electrolytlc  purification 
of  the  electrolyte  before  the  oxygen  evolution  reaction  on  bright 
platinum  In  sulfuric  acid  solution  under  externally  applied 
voltage.  Since  the  Mount  of  trace  Impurities  postulated  Is 
of  the  order  of  10“^  moles  per  liter  or  less  and  since  che 
sulfuric  acid  Itself  Is  regarded  as  the  source  of  this  trace 
iBQnirlty  (in  absence  of  any  other  possibility),  It  would  be 
practically  Impossible  to  either  prove  or  disprove  the  presence 
of  such  trace  Impurities  and  their  effect  on  the  electrode 
potential.  For  the  same  reason  and  because  of  the  vague  and 
uncertain  nature  of  the  Impurity  effect,  this  theory  apparently 
offers  little  hope  of  either  predicting  or  reducing  the  polar¬ 
ization  of  the  oj^gen  electrode  on  open  circuit  and  during 
cui*rent  flow.  Other  observations  concerning  the  e:q>erlmental 
results  reported  by  Bockrls  and  Huq  Include  the  followlngt 

(a)  The  data  reported  are  not  steady  state  data  since  over¬ 
voltage  measurements  were  made  Immediately  after  each  successive 
decrease  or  increase  of  current  density.  Significant  t^steresls 

is  observed  between  the  "first  up"  and  the  "first  down"  Tafel  plots. 

(b)  If  the  solution  was  purified  only  cathodlcally  at  10"^ 
amp/cm^  for  36  hours,  only  0.84V  was  obtained  for  the  open-  circuit 
voltage.  Only  after  the  solution  was  purified  anodlcally  at 

10“^  amp/cra^  for  at  least  48  hours,  the  potential  obtained  was 
1.24'*'-0.03  volts.  This  potential  was  not  steady  however,  and 
It  fell  after  about  one  hour  <  If  anodic  pre-electrolysis  was 
recommenced  the  potential  of  1.24  volt  was  re-established  for 
approximately  an  hour.  The  time  of  pre-electrolysis  was  only 
arbitrarily  selected.  The  order  of  pre-electrolysis  (cathodic 
followed  by  anodic  pre-electrolysis)  was  apparently  selected 
because  the  reverse  order  would  not  give  such  high  values  for 
the  open-circuit  voltage.  Only  H2S0^  solution  was  used  as  an 
electrolyte.  Other  electrolytes  and  particularly  alkaline 
solutions  would  have  been  more  decisive. 

(c)  Other  investigators  (see  Tables  7  and  10)  have  obtained 
reproducible  results  without  the  pre-electrolytlc  puidflcatlon. 

Vfhen  anodic  pre-electrolysis  was  used,  time-dependent  open  circuit 
voltages  greater  than  1.23  volts  were  observed  by  several  inves¬ 
tigators  as  reported  in  Tanle  10.  Bockrls  and  Huq  also  stated 
that  the  mean  value  of  the  rest  potential  was  about  10  mv  higher 
than  the  thermodynamic  value  of  1.229v.  The  authors  have  attempted 
to  explain  these  higher  values  on  the  basis  of  equillb]:d.a  in¬ 
volving  platinum  oxides  for  which  no  reliable  data  are  available 

as  discussed  earlier. 


(d)  Th«  authors  olaln  that  the  attalnaent  of  1.24  volt  Is 
Independent  of  the  node  of  electrode  preparation.  This  is 
contrarj  to  the  experimental  observations  by  several  other 
Investigators.  Particularly  the  difference  In  the  behavior 
of  platinum  black  and  bright  platinum  Is  marked  as  Is  well 
known. 

The  authors  have  apparently  Ignored  the  pH  effect  at  or  near 
each  electrode  during  the  prolonged  pre-eleotrdlysls.  The  anodic 
pre>electrolysls  will  produce  acidic  environment  at  or  near  the 
electrode  and  this  will  Increase  the  rest  potential  as  measured 
against  a  reference  electrode.  Cathodic  pre-electrolysis »  on  the 
other  hand  will  have  the  opposite  effect.  It  Is  likely  that  the 
time  dependence  and  anomalously  high  open  circuit  voltage  could 
be  caused  by  such  changes  since  diffusion  and  equalization 
of  concentration  of  Ionic  species  under  their  e:q>erlmental  condi¬ 
tions  would  be  a  relatively  slow  procesj. 

Theories  Involving  heats  of  chemisorption i  These  attribute  the 
open-circuit  Irreversibility  of  the  oxygen  electirode  to  heats 
of  chemisorption.  It  Is  assumed  that  the  chemisorption  of  the 
reactant  gases  is  not  a  reversible  process  and  that  the  heat 
of  chemisorption  is  dissipated  before  the  electrochemical  step  (62). 

The  predictions  based  on  this  theory  are  contrary  to  eiqper- 
Imental  facts.  The  theory  would  predict  that  "the  greater  the 
magnitude  of  the  heat  of  chemisorption,  the  further  the  cell 
potential  would  be  from  that  expected  theoretically*  (62).  Thus 
for  Instance  the  reversible  potential  for  the  hydrogen  electrode 
on  open  circuit  should  never  be  achieved  since  heat  of  chemi¬ 
sorption  on  platinum  black  Is  considerable.  This  Is  quite 
contrary  to  e3q>ei*lmental  fact  since  the  reversibility  of  the 
hydrogen  electrode  at  platinum  black  and  palladium  under  certain 
conditions  Is  well  established.  The  reversibility  of  chlorine 
and  bromine  electrodes  Is  also  established,  at  least  on  open 
cli*cult.  DeBoer  (63)  points  out  that  no  conclusive  erqpei*lmental 
evidence  exists  to  show  that  chemisorption  of  gases  Is  necessarily 
an  exothermic  or  an  Irreversible  process. 

Adams  (64)  points  out  that  as  a  rule  the  surface  which 
exhibits  high  heats  of  adsorption  would  be  more  active  cataly- 
tlcally  than  one  with  a  low  heat  of  adsorption.  Accordingly, 
platinum  black  Is  a  better  catalyst  for  hydrogen  and  oxygen 
electrodes  than  bright  platinum. 

Also  the  Chemisorption  theory  falls  to  explain  why  the 
Irreversibility  or  the  rate  of  change  of  polarization  should 
be  much  greater  at  extremely  low  current  densities  rather  than 
at  high  current  densities  as  observed  experimentally.  The  theory 
also  cannot  explain  why  In  strongly  alkaline  electrolytes, 
different  electrodes  (e.g.  Pt,  Pd,  HI,  Ag.  C)  exhibit  approx¬ 
imately  the  same  open  circuit  voltage. 
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Undoabtedljr  th«  beat  of  ohaalsorptlon  Is  an  lq>ortant 
paranatar  ralatad  to  tha  activity  of  tha  catalyst  andar  finlta 
currant  flow  conditions.  However*  It  falls  to  explain  the 
Irreversibility  on  open  circuit.  Also  It  falls  to  explain  tha 
various  axparlnantal  observations  reported  hez*e. 

Present  status  of  the  contenporarv  theories t 

Bxperlaentally  It  would  appear  to  be  extrenely  difficult 
to  establish  unequivocally  the  contribution  of  each  of  the  above 
factors  to  the  total  polarisation  of  the  oxygen  electrode  In  a 
given  systen  or  to  show  that  they  are  not  Involved.  This  la 
because  at  present  It  Is  not  possible  to  Isolate  and/or  neasure 
the  vanishingly  snail  traces  of  the  postulated  peroxides  or 
Inpurltles  or  to  differentiate  between  the  cheid  sorbed  o^grgen 
species  and  the  so-called  surface  oxides.  Also  It  would  be 
extremely  difficult  to  differentiate  between  the  entalpy  (i&H) 
of  chenlsorption  and  the  free  energy  (AQ)  of  chemisorption 
using  an  li^ependent  method  (l.e.  not  Involving  potential 
measurements) . 

On  the  basis  of  the  preceding  arguments  and  the  experimental 
results  presented  here*  It  Is  believed  that  the  above  theories 
are  likely  to  play  only  a  minor  role  in  the  irreversibility  of 
the  oxygen  electrode*  particularly  on  open  circuit  and  that  the 
major  cause  (s)  of  this  Irreversibility  must  be  sought  elsevheire. 

Role  of  Klectrochemlcal  Double  Laver 

It  Is  suggested  that  In  order  to  obtain  a  better  understanding 
of  the  factors  responsible  for  the  Irreversibility  of  the  oxygen 
electrode*  It  will  be  necessary  to  Investigate  the  nature  and 
tha  structure  of  the  electrochemical  double  layer  (edl)  and  the 
mechanism  of  establishment  of  a  potential  difference  at  an  Inter¬ 
face.  It  Is  believed  that  a  thorough  understanding  of  the  edl 
may  provide  a  basis  to  correlate  and  Interpret  most  of  the  exper¬ 
imental  facts  and  may  help  In  resolving  or  unifying  the  apparently 
conflicting  views  on  the  irreversibility  of  the  oaqrgon  electrode. 

It  Is  well  known  that  when  two  or  more  phases  (e.g.  solld-gas- 
llquld)  are  brought  Into  contact*  there  Is  established  between 
then  an  electrochemical  double  layer  due  to  an  unsymmetrlcal 
distribution  of  Ions*  electrons  or  multipoles  at  the  Interface. 
Intimately  associated  with  the  formation  of  the  edl  Is  the 
establishment  of  a  potential  difference  across  the  Interface. 

The  charge  distribution  and  the  associated  TOtentlal  difference 
at  the  Interface  can  be  brought  about  by  (a)  charge  transfer 
across  the  Interface  (b)  adsorption  of  Ions  (c)  adsorption  and/ 
or  orientation  of  dipoles  (d)  deformation  of  polarlsable  atoms 
or  molecules  at  an  Interface  due  to  an  unsymmetrlcal  force  field. 
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All  or  Biost  of  these  effects  may  operate  simaltaneously  at  the 
oj^gen  electrode,  thus  complicating  the  structure  of  the  edl 
and  the  distribution  of  the  potential  associated  with  it.  The 
qualitative  aspects  of  the  edl  at  a  mercury-electrolyte  inter¬ 
face,  approximating  the  ideal  polarizable  electrode  and  at  the 
catalytieally  active  metal/gas /electrolyte  interface  used  in 
fuel  cells  have  been  reviewed  in  the  progress  report  No.  17. 

A  distinction  was  made  between  an  ideally  polarizable  electrode 
and  an  ideally  non-polarizable  electrode.  Thus  the  ideal  polar¬ 
izable  electrode  is  characterized  by  the  existence  of  an  electro¬ 
static  equilibz*ium  at  the  interface  whei*eas  an  ideal  non-polarizable 
electrode  is  character^.zed  by  an  unhindered  charge  transfer  across 
the  interface.  The  potential  exhibited  by  the  ideal  non-polarizable 
>  electrode  is  believed  to  be  characteristic  of  the  electrochemical 
reaction  under  consideration.  Under  the  open  circuit  conditions 
for  any  real  electrode,  however,  it  would  be  difficult  to  measure 
or  differentiate  between  the  electrostatic  and  the  electrochemical 
effects.  Other  problems  encountered  in  the  investigation  of  the 
edl  at  solid  metal  electrodes  we.'e  discussed  in  the  progress 
report  No.  17  and  are  summarized  below. 

(a)  The  problem  of  defining  and  reproducibly  obtaining  a  "clean" 
solid  metal  electrode. 

(b)  The  problem  of  defining  a  "smooth"  or  homogeneous  surface 
for  a  solid  electrode  and  the  uncertainty  involved  in  extra¬ 
polating  the  results  from  the  "smooth"  electrode  to  the  rough 
or  porous  electrodes  and  in  comparing  the  results  of  various 
investigators  using  different  methods  of  surface  treatments. 

(c)  The  problem  of  measuring  "true"  or  "real"  area  for  a  given 
geometric  area  available  for  electrochemical  reaction  and  the 
lack  of  agreement  in  the  values  of  the  surface  areas  or  roughness 
factors  obtained  by  different  methods.  Also  there  is  seme  uncer¬ 
tainty  whether  the  active  area  or  sites  remain  constant  or  not  as 
a  function  of  time  and/or  current  density.  It  maybe  noted  that 
the  surface  area  is  involved  in  all  computations  of  current 
density  and  depending  on  the  porosity,  thickness  and  geometry 

of  the  electrode,  the  real  area  can  be  varied  considerably  for 
a  given  geometric  area. 

(d)  The  difficulties  involved  in  measuring  the  edl  "capacitance" 
and  its  variation  with  the  method  of  measurement,  the  frequency 
of  the  a.c*  signal  used  and  the  potential  of  the  electrode  as 
contrasted  from  the  capacitance  of  the  ordinary  electrical 
capacitors. 

(e)  The  difficulty  in  interpreting  the  edl  capacitance  data  and 
the  problem  of  differentiating  between  non-faradaic  i.e.  pure 
capacitance  current  and  the  faradaic  current  due  to  electro¬ 
chemical  reaction,  particularly  at  very  low  currents  near  the 
open  circuit  potential. 
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(f)  Some  uncertainty  involved  In  the  value  of  the  measured 
potential  cf  a  polarized  electrode  with  respect  to  an  arbitrary 
reference  or  probe  electrode  Involving  a  luggln  capillary  at  a 
finite  distance  from  the  test  electrode. 

Because  of  the  above  difficulties  our  understanding  of  the 
electrochemical  double  layer  at  solid  electrodes  and  of  the 
mechanism  of  establishment  of  a  potential  difference  at  such 
electrode  has  been  quite  limited.  However,  a  satisfactory 
solution  of  these  problems  or  difficulties  appear  essential  In 
order  to  obtain  a  better  understanding  of  the  Irreversibility 
associated  with  the  oxygen  electrode. 

A  Suggested.  Tentative  Interpretation  of  the  Behavior  of  the 
Oxygen  Electrode  at  or  near  the  open  circuit. 

There  Is  hardly  any  doubt  that  In  order  to  e:q>laln  the 
behavior  of  the  oxygen  electrode  of  cells  on  open  circuit 
and  at  very  low  current  densities,  we  must  take  Into  account 
not  only  the  thermodynamic  aspects  of  the  overall  reaction,  but 
also  the  contribution  of  the  electrical  double  layer  and  the 
associated  phenomena  under  these  conditions.  However,  one  mod¬ 
ification  or  simplification  of  the  classical  approach  to  the 
double  layer  concept  Is  made  for  the  purpose  of  the  present 
discussion.  Instead  of  considering  the  double  layer  capacitance 
and  the  associated  potential  at  a  single  electrode  (without 
considering  the  other  electrode,  as  Is  done  usually),  the  over¬ 
all  capacitance  across  both  the  electrodes,  that  Is,  the  whole 
cell,  will  be  considered  here. 

Assumptions : 

(1)  Linear  and  non-linear  sections  of  the  polarization  plots 
indicate  different  mechanisms. 

(2)  A  hydrogen-oxygen  fuel  cell  on  open  circuit  and  in  the  non¬ 
linear  portion  of  the  polarization  plots  may  be  treated  as  an 
electrochemical  generator  plus  an  electrolytic  capacitor. 

These  two  assumptions  are  based  on  the  experimental  observa¬ 
tions  reported  earlier  in  connection  with  the  behavior  of  the 
H^/O^  cells  at  or  near  the  open  circuit  and  In  the  linear  region 
or  the  polarization  plots  respectively.  It  Is  significant  to  note 
the  similarity  of  the  polarization  plots  for  the  Hp/O^  cells  or 
oxygen  electrode  with  the  classical  polarograms.  It  will  be  re¬ 
called  that  the  Initial  non-linear  section  of  a  polarogram  Is 
usually  attributed  to  the  capacitor  current  due  to  the  charging 
of  the  double  layer  and  the  half-ware  potential  Is  obtained  by 
the  extrapolation  of  the  linear  section  of  the  polarogram  to  the 
zero  current.  Thus  In  a  polarogram  also,  the  linear  and  non¬ 
linear  sections  of  the  polarogram  represent  different  mechanisms. 
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Associated  with  the  electrochemical  potential  and  the 
electrostatic  potential  respectively  will  be  two  types  of  currents » 
▼Is  faradalc  current  associated  with  the  electrochemical  part 
and  electrostatic  or  capacitor  current  associated  with  the 
electrostatic  part.  It  should  be  eiiQ)haslzed  that  these  two 
types  of  voltages  are  Inter-related  and  Interdependent  and  that 
It  Is  not  possible  to  separate  their  effects.  However*  an 
arbitrary  separation  of  the  two  effects  is  required  In  under¬ 
standing  or  Interpreting  the  behavior  of  the  cell  on  open  circuit 
and  at  low  current  densities.  It  Is  apparent  that  the  charged 
capacitor  represented  by  the  cell  acts*  In  effect*  as  a  storage 
device  for  potential  energy.  Therefore*  the  electrostatic  voltage* 
^dl*  (associated  with  It  must  be  distinguished  from  the  electro- 
cneiilcal  voltage*  V-  or  emf  of  the  electrochemical  generator. 

Thus*  the  open  circuit  voltage*  V  *  can  be  represented  ast 

oc 


oc 


It  Is  convenient  to  further  divide*  again  arbitrarily*  Into 
two  parts s  One  part*  designated  as^V^j.^*  irepresents  the  lire- 
▼erslblllty  of  the  pH  gradient  due  to  faradalc  current  flow  and 
a  second  part*  designated  as  representing  all  other  effects* 
namely  those  due  to  relative  surface  areas  of  the  electrodes*  the 
surface  energy*  the  dipole  orientation*  the  polarizability  or 
specific  adsorption  of  various  Ionic  and  other  species  present^ 
any  contact  potential  differences*  and  all  unknown  effects  not 
accounted  for  by 

Therefore*  V  ■  V_  +  V 
oc  g  dl 

or  V  -  V»  +  ( AV,  ±AV  ) 

^  oc  g  ^  “  Irr  “*■  c' 

It  may  again  be  seen  from  the  last  equation*  that  V-*  AV.  and 
A  Vq  are  Interdependent  and  that  there  seems  no  wayHo  separate 
these  effects.  If  V.  Is  assigned  a  value  of  O.3OV  at  the 
saturation  value  of  electrode  as  previously  discussed  then 

V  assumes  a  value  of  0.93V  and  therefore* 

g 

''oc  ■  3 

- 1.23 

On  open  circuit*  the  most  Important  variable  affecting  the  voltage 
of  a  cell  of  constant  design  and  constant  electrolyte  and  for  a 
given  method  of  measurement  Is  For  fuel  cell  discharge* 

A  V  will  normally  have  a  sign  opposite  to  that  of  V  and  there¬ 
fore  V__  will  usually  be  less  than  1.23V.  * 

The  various  effects  can  now  be  Interpreted  and  explained  In 
terms  of  changes  In  AV  »  As  is  well  known*  a  charged  paralle.l  ar 
plate  capacitor  with  a  capacity*  C*  and  a  charge*  q*  will  exhibit 
an  electrostatic  voltage  across  its  plates  in  accoi^ance  with  the 
equation: 
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The  capacity  of  a  parallel  plate  capacitor  Is  goveimed  by  the  equation: 


C  « 


DA 

4  tr  d 


Uhere  D  Is  the  dielectric  constant;  A  the  area  of  each  plate*  and 
d  the  distance  between  the  two  plates.  Therefore,  for  a  constant 
charge*  q*  the  change  In  the  electrostatic  voltage  of  the  capacitor 
Is  given  by: 


4irQd 

DA 


It  nay  be  noted  that  the  dielectric  properties  associated  with  the 
double  layer  at  each  electrode  are  not  the  sane  as  those  of  the 
bulk  electrolyte.  The  dielectric  properties  are  nost  probably 
discontinuous  at  the  Interfaces. 

1.  Valuation  with  tine:  The  voltage  associated  with  the  double 

layer  at  each  electrode  will  vary  with  tine  since  the  dielectric 
Is  noblle  and  the  charges  can  wander  arouiwl  or  discharge  as  a 
function  of  tine.  Even  a  nlca  capacitor*  If  left  Indefinitely 
In  charged  condition*  will  probably  show  a  variation  in  voltage 
as  a  function  of  tine.  The  nore  or  less  constancy  of  the  open 
circuit  voltage  of  ^2/^2  consisting  of  Ion-exchange  nen- 

branes  nay  be  due  to  the  fact  that  the  Innoblle  Ion-exchange 
nenbrane  dielectric  prevents  or  reduces  the  discharge  of  the 
double  layer. 

2.  The  chemical  and  the  physical  nature  of  the  electrode  will 
Influence  both  the  total  area  as  well  as  the  type  of  adsorp¬ 
tion  and  therefore  the  thickness  of  the  double  layer  at  each 
electrode  and  will*  therefore*  Influence  A V^.  Different  metallic 
surfaces  will  also  exhibit  different  degrees  of  specificity  ^ 
for  Ionic  adsorption,  and  consequently,  q  will  be  different. 

3.  Electrolyte  pH  and  concentrations  of  various  electrolytes. 

The  charge  q  will  depend  on  the  type  and  concentration  of 
various  ions.  Thus,  for  instance,  CH“  ions  have  much  greater 
p61ai*lzablllty  than  H'*’  ions  and  will  show  greater  specific 
adsorption  depending  on  the  electrode  material  and  activity. 

4.  Effect  of  foreign  anions:  It  is  an  experimental  fact  that 
polarizable  anions,  especially  chloride,  bromide  and  Iodide 
Ions  are  preferentially  adsorbed  at  the  electrode-electrolyte 
Interface.  This  specific  adsorption  Is  expected  to  reduce 
the  charge  density  because  of  their  larger  sizes  and  also 
the  double  layer  thickness  at  each  electrode-electrolyte 
interface.  The  reduction  In  q  and  the  double  layer  thick¬ 
ness  will  decrease  the  electrostatic  potential  across  the 
capacitor. 
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The  extent  of  specific  adsorption  will  depend,  among  other 
factors,  on  the  polarizability  of  the  foreign  ions.  The 
effect  of  the  halide  ions  of  different  polarizability  on  the 
oxygen  electrode  potential  can  thus  be  interpreted  in  terms 
of  their  specific  adsorption  which  increases  with  the  polar¬ 
izability  of  the  ions  involved.  The  halide  ions  (except  F~) 
may  also  participate  electrochemically  giving  rise  to  a  mixed 
potential  due  to  two  simaltaneous  electrochemical  reactions. 

5.  Effect  of  the  concentration  of  foreign  ions:  The  smaller 
the  concentration  of  the  specifically  adsorbable  anions,  the 
smaller  will  be  the  number  of  active  sites  occupied  by  these 
foreign  ions,  hence  the  smaller  the  gross  effect.  This  is 
shown  the  concentration  effect  ejqperimentally  observed 
(Table  7).  That  a  change  in  concentration  of  these  ions 
shows  its  effect  on  the  double  layer  capacity  for  polarized 
platinvun  electrode  is  reported  by  Popat  and  Hackerman  (65). 

6.  Stirring  or  agitation  of  the  electrolyte  will  dist\irb  the 
charge  distribution  at  each  electrode-electrolyte  interface 

and  thus  affect  A  V  . 

0 

7.  Effect  of  total  area  under  the  electrolyte:  The  smaller  the 
area  of  the  electrode  (for  the  same  charge),  the  larger  the 
^  V^.  It  is  experimentally  observed  that  if  the  electrode 
is  partly  pulled  out  of  the  solution,  the  voltage  goes  up  by 
several  millivolts.  If  the  electrode  is  again  immersed  in 
the  solution,  the  voltage  goes  down  again  as  expected. 

8.  Transient  "anosialous"  open  circuit  voltage  greater  than  1.23V. 
This  is  caused  by  two  factors:  a)  The  difference  in  the 
concentration  of  the  electroactive  species  or  pH  at  each 
electrode.  Thus,  if  the  pH  at  the  hydrogen  electrode  is 
alkaline  and  that  at  the  oxygen  electrode  is  acidic,  the 

open  circuit  voltage  of  such  an  ^2!^  will  be  greater 
than  1.23V  and  the  exact  value  will  depend,  among  other 
factors,  onAph.  This  aspect  has  been  discussed  in  the 
preceding  section.  The  cell  potential  also  depends  on 
the  type  of  electrode  material  and  the  surface  activity. 

Thus,  for  instance r  with  bright  Pt,  the  V^^  is  only  about 
1.4V  compared  to  I. 82V  with  platinum  black.  It  may  be 
noted  that  anodic  pre-electrolysis  will  make  the  pH  at 
the  anode  surface  more  acidic,  and  therefore  the  oxygen 
electrode  potential  exhibited  will  be  greater  than  the 
normal  value.  If  the  open  circuit  voltage  across  both 
the  test  electrode  and  the  auxiliary  (counter)  electrode 
is  measured  after  pro-longed  electrolysis,  it  will  be 
different  from  the  initial  value  and  may  he  attributed 
to  the  concentration  gradient,  (b)  Factors  other  than 
pH,  for  instance  water  repellent  treatment  will  change 
(reduce)  the  effective  dielectric  constant  and  also  change 
the  chemisorption  properties  at  each  electrode. 


9*  Anomalous  effect  of  temperature:  The  dielectric  constant  of  the 
dielectric  medium  usually  decreases  as  the  temperature  Is  raised. 
Thus,  the  dielectric  constant  of  water  decreases  with  temperature 
as  follows  (66): 


Temp  (®C) 

0  10  20 

30 

40 

50 

60 

70 

80 

90  100 

Dielectric 

Constant 

88  84.11  80.36 

76.75 

73*28 

69.94 

66.74 

63.68 

60.76 

57*98  55*33 

An  Increase  In  teiq)erature  will  theirefore  decrease  the  dielectric 
constant  of  the  electrode-electrolyte  Interface,  thus  resulting 
In  an  Increase  In  the  open  circuit  voltage.  It  may  be  noted  that 
for  fused  salts,  the  effect  on  will  be  more  enhanced  since 
the  dielectric  constant  for  fusea  salts  like  NaNo^  will  not  be 
greatly  different  from  the  value  of  5  for  solid  NaNo^.  An  In¬ 
crease  In  temperature  will  also  change  the  properties  of  each 
electrode-gas-electrolyte  interphase  as  well  as  the  Ionic  con¬ 
ductivity  of  the  electrolyte.  Under  open  circuit  conditions 
these  changes  are  expected  to  be  of  relatively  minor  Importance 
compared  to  the  dielectric  properties  of  the  electrolyte. 

The  variation  of  with  water- repellant  treatment,  with  changes 
In  electrode  areas,  and  spacing  and  other  operational  parameters 
may  be  interpreted  in  terms  of  changes  in  A  V  at  or  near  the 
open-circuit  conditions  provided  these  parameters  do  not  signi¬ 
ficantly  affect  Vg  and  ^Vj^rr* 

In  view  of  the  enormous  complexity  and  Interdependence  of  these 
variables  and  In  absence  of  more  definitive  or  quantitative  data,  the 
present  interpretation  must  be  considered  tentative  and  to  a  certain 
degree  speculative. 

Some  Conclusions: 


On  the  basis  of  the  experimental  data  summarized  here  it  is 
suMested  that  (a)  under  the  practical  oj)erating  conditions  of  an 
^2^2  cell,  an  IR-free,  steady-state  voltage  greater  than 

aptproximately  0.93V  Is  not  likely  to  be  achieved.  The  extrai>olated, 
and  nearly  constant  IR-free  polarization  loss  of  approximately  0.3V 
appears  to  be  a  specific  property  of  the  H^/O^  fuel  cell  ^sterns 
or  of  0H~  ions  since  it  is  apparently  unaffected  by  the  usual  rate 
or  kinetic  parameters.  This  irreversibility  is  tentatively  attri¬ 
buted  to  the  inherent,  unavoidable  pH  gradients  associated  with 
current  flow.  An  energetic  interpretation  in  terms  of  established 
thermodynamic  functions  is  suggested,  (b)  Platinum  black  app)ears 
to  be  the  best  catalyst  for  the  oxygen  electrode,  and  Judging  from 
the  essentially  zero  slope  of  the  IR-free  linear  plots  over  a  fairly 
large  range  of  current  density.  It  would  appear  that  a  catalyst  more 
effective  than  Platinum  black  is  not  likely  to  be  found  since  Inherent 
thermodynamic  irreversibility  cannot  be  reduced  or  eliminated  by  catalysts. 
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(c)  Various  existing  theories  of  the  irreversibility  of  the  oxygen 
electrode  have  been  reviewed  and  it  is  shown  that  none  of  these  can 
satisfactorily  explain  all  the  experimental  observations  concerning 
the  open-circuit  behavior  of  the  oxygen  electrode.  A  tentative 
interpretation  based  on  double  layer  capacitance  effects  is  proposed 
for  the  irreversibility  of  the  oxygen  electrode  at  or  near  the  open- 
circxiit  conditions,  (d)  It  is  shown  that  by  properly  buffering  the 
pH  in  the  vicinity  of  each  electrode  j  open-circuit  voltages  g]:*eater 
than  1.23  volts  can  be  attained.  The  additional  voltage  however^ 
cannot  apparently  be  used  as  a  source  of  steady  emf  or  electrical 
energy. 

Some  possible  ob.lections  to  the  proposed  interpretations 

Several  possible  objections  to  the  suggested  interpretation  can  be  raised 

1.  The  peroxide  intermedla^e  as  a  possible  source  of  polarization 
is  not  definitely  ruled  out  though  its  relative  insensitivity 

to  rate  parameters »  100/t  faradaic  efficiency  based  on  4  faradays 
per  mole  of  ©21  failure  to  isolate  any  H-Og  in  operating  fuel 
cells  and  uncertainty  of  applying  the  NePnst  equation  suggest 
an  absence  of  the  peroxide  mechanism  as  a  major  cause  of  polar¬ 
ization  loss. 

2.  The  postulated  pH  gradients  as  a  cause  of  irreversibility  do  not 
appear  to  be  in  complete  harmony  with  the  calculations  using 
Fick^s  law  of  diffusion  and  the  diffusion  coefficients.  Pick's 
law  of  diffusion  is  strickly  applicable  only  under  the  conditions 
of  pure  and  free  diffusion  under  concentration  gradients  and  in 
the  absence  ol  any  electrical  migration  or  specific  adsorption 
forces.  In  practice  this  requires  extremely  large  concentration 
of  inert  electrolyte  and  comparatively  small  concentrations  of 
electroactive  species.  These  conditions  do  not  obtain  for  the 
fuel  cell  systems  considered  here.  The  value  of  the  diffusion 
coefficients  for  concentrated  acids  and  bases  used  here  are 

also  unknown  since  its  evaluation  assumed  an  infinitely  dilute 
solution. 

3.  Perhaps  the  most  serious  objection  is  that  the  present  study 
attributes  irreversibility  to  the  electrochemical  properties 
of  the  entire  H.,/0^  fuel  cells >  whereas  the  existing  views 
attribute  the  irreversioility  to  the  oxygen  electrode  alone. 

This  aspect  needs  further  experimental  work-  The  problem  of 
measuring  unambiguously  each  electrode  potential  in  operating 

H  /O^  fuel  cell  has  already  been  discussed.  However,  if  it  can 
bi  definitely  established  that  the  hydrogen  electrwie  does 
behave  reversibly  in  acidic  as  well  as  alkaline  media  in  an 
operating  tnen  the  irreversibility  of  the 

oxygen  electrode  must  bt  attributed  to  the  specific  properties 
of  OH”  ions  together  with  those  of  oxygen  rather  than  to  any 
rate-limiting  stops  involving  activation  polarization. 


Only  further  expeirlmantal  work  oan  clarify  this  aspect. 

10,0  Reeoasiendatlons  for  Future  Workx 

1.  Establish  the  validity  of  the  use  of  various  reference  electirodes 
or  pirobes  for  measuring  the  potential  of  the  ojtygen  electrode 
under  open  circuit  and  current  flow  conditions. 

2.  Study  the  behavior  of  the  oxygen  electrode  In  the  non-llnear 
region  of  the  polarization  plots  as  a  function  of  time* 
electrode  material  and  other  parameters  In  conjunction  with  a 
suitable  reference  electrode. 

3.  Confirm  and  extend  to  higher  current  densl'^s»  the  linear  sections 
of  the  polarization  plots  with  and  without  zR  corrections,  and 
compare  this  with  the  polarization  characteristics  during  charging 
l.e.  electrolytic  evolution  of  H2  and  0^. 

4.  Determine  the  pH  and  temperature  profiles  at  each  electrode  as  a 
function  of  electrolyte  and  cuirent  density  and  correlate  this 
with  thermodynamic  predictions. 

5.  Establish  whether  an  acld/base  concentration  cell  discharge  In¬ 
volves  faradalc  (l.e.  rodox)  or  non-faradalc  (l.e.  capacitor- type) 
current.  Investigate  the  nature  and  the  contribution  of  the 
electrical  double  layer  capacitance  effects  to  the  oxygen  electrode 
behavior  on  open  circuit  and  In  the  non-llnear  region  of  the 
polarization  plots. 
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tUGENC  DIETZGEN  CD. 


H2/Pt.  Black/O.W  HjSOj^/Pt.  Black/02 
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Oxygen  Electrode  Polarization  for  Platinized 
Platinum  in  Aqueous  Electrolyte 


o 


Hydrogen  Electrode  Polarisation  for 
Platinised  Pla  tinum  Electrode  in  0.1  N  H2S0(^ 


8^  to  A  -  t«T^“0‘^0d 


Olrygen  Electrode  Polarization  for  Platinized  Platinun  in 
1,0K  N  H2S0|^  (O2  Sf  Electrodes  of  Equal  Area) 
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Currant  OM|sltj  -  u/on^ 
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APPENDIX  C 


TABLE  I 


Effect  of  Materials  and  Methods  of  Wet-proofing  on  the  Polarization 

Characteristics  of  the  oxygen  electrode  in  alkaline  solution. 

Electrode :  Carbon  from  Stackpole  Carbon  Co.,  5/8"  dia.  1"  long; 

(about  15  cm^);  treated  at  800°C  for  5  minutes,  quenched 
and  dried  at  800°C  for  2  minutes. 

Catalyst:  Platinum  black  from  chloroplatinic  acid;  after  soaking 

electrode  overnight,  reduced  at  300°C  for  4  hours;  after 
cementing  the  holder,  ti*eited  at  about  200°C  overnight. 


Electrolyte : 

25^5  KOH. 


Electrode 

Tvoe  Carbon 

Wet-proofing 

Method  of 

Polarization 

Remarks 

Number 

Material 

Wet-proofine 

Time 

Ma  Volts 

^Minutes) 

1 

PC  53H 

256  paraffin  wax 

300°F,  1/2 

0.0  i.07 

Voltage 

in  petroleum  ether 

hr. 

dropping 

continuous* 

ly 

6 

PC  53H 

303^  Teflon 

0 

0.00 

0.91 

2 

0.00 

0.93 

14 

0.00 

0.980 

7 

PC  53H 

2yJ  paraffin  in 

300°F,  1/2 

0 

0.00 

1.08 

toulene 

hr. 

4 

0.00 

1.07 

8 

0.00 

1.08 

12 

219XG 

2'%  paraffin  in 

300^,  1/2 

0 

0.00 

1.08 

1 

petroleum  ether 

hr. 

1 

0.00 

1.06 

2 

0.00 

1.055 

5 

0.0 

1.030 

14  1 

219XG 

2$  paraffin 

300°F,  1/2 

0 

0.0 

1.17 

No  heating 

hr. 

(dropping) 

before 

catalyst 

applicatior 
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APPENDIX  C  (Cont’d) 


TABLE  I 


Electrode 

Type  Carbon 

Wet-proofine 

Method  of 

Polarization 

Remarks 

Number 

Material 

Wet-proofinz 

1  Time 
(Min.) 

Ma 

Volts 

13-1 

219X0 

None 

0 

0.0 

0.928 

16 

0.0 

0.982 

34 

0.992 

47 

0.997 

92 

0.997 

15 

219X0 

Carnauba  Wax 

300°F,  1/2 

0 

0.0 

hr. 

4 

0.0 

0.976 

10 

0.987 

19 

0.0 

0.999 

25 

0.0 

1.005 

30 

0.0 

1.000 

APPENDIX  C  (Cont*d) 


TABLE  II 


Effect  of  Teflon  wet-proofing  on  oxygen  electrode  polarization. 

Electrode:  219X0  Stackpole  carbon,  treated  in  the  same  manner 

as  described  in  TABLE  I. 

Catalyst  and  electrolyte  are  the  same  as  in  TABLE  I. 


Wet-proofing:  lOjl  Teflon  suspension,  cured  overnight  at  200°C. 

(For  earlier  results  with  Teflon  wet-proofing  see  the 
preceding  Progress  Report.) 


Time 

Ma 

Volts 

Remarks 

(Min.) 

_ 1 

B 

0 

■B 

0 

0 

■9 

0 

0 

0 

0.916 

0 

0.956 

82 

0 

1.002 

Same  electrode  cleaned  with  emery  paper,  washed  reheated 
at  350°C  for  10  minutes  and  put  in  the  test  cell  again. 

1 

0 

1.230 

4 

0 

1.200 

7 

0 

1.160 

8 

0 

1.190 

9 

0 

1.196 

14 

0 

1.180 

10 

0.695 

30 

0.336 

38 

0.190 

Put  on  open  circuit. 

0 

0 

6-90 

2 

0 

0.97 

8 

0 

1.00 

The  electrode  reheated  to  350®C  for  five  minutes. 

17 

0 

1.03 

0 

0 

1.183 

Cooled  and  retested. 

22 

0 

1,130 
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